Circular Dichroism Studies of Ultraviolet Irradiated Ribonuclease A by Iammartino, Albert John
Loyola University Chicago
Loyola eCommons
Dissertations Theses and Dissertations
1973
Circular Dichroism Studies of Ultraviolet Irradiated
Ribonuclease A
Albert John Iammartino
Loyola University Chicago
This Dissertation is brought to you for free and open access by the Theses and Dissertations at Loyola eCommons. It has been accepted for inclusion in
Dissertations by an authorized administrator of Loyola eCommons. For more information, please contact ecommons@luc.edu.
This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 3.0 License.
Copyright © 1973 Albert John Iammartino
Recommended Citation
Iammartino, Albert John, "Circular Dichroism Studies of Ultraviolet Irradiated Ribonuclease A" (1973). Dissertations. Paper 1329.
http://ecommons.luc.edu/luc_diss/1329
CIRCULAR DICHROISM STUDIES OF 
ULTRAVIOLET IRRADIATED RIBONUCLEASE A 
.\;;.: .. by 
ALBERT JOHN IA~RTINO 
A DISSERTATION SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL 
OF LOYOLA UNIVERSITY OF CHICAGO IN PARTIAL FULFILLMENT 
OF THE REQUIREMENTS FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 
JUNE 
197) 
f •. 
LIBRARY 
LOYOLA UNIVERSITY MEDICAL CENTER 
LIFE 
Albert John Iammartino ~'as born in Tampa, Florida on 
December 9; 1944. · He attended st. Peter's High School, Staten 
Island, New York, and was graduated in 1962. He received a 
Bachelor of Science degree with a major in chemistry from Wagner 
College, Staten Island, New York (June, 1966). 
Mr. Iammartino entered the Department of Biochemistry and 
· Biophysics, Loyola University, in September, 1966 and received a 
..... 
Mister of Science degree in February, 1969. From 1966 to 1970 
he received a Tra.ineeship in Biochemistry from the. ,.N@.tional 
Institutes of Health. He was a teaching assistant in the 
Department of Biochemistry during 1970. 
Mr. Iamtnartino married the former Joyce Lynn Bostrom on 
December 14, 1968 and on January 21, 1972 their son, David Albert, 
was bom. · Mr. !ammart!no ls presently a second year student at 
the Abraham Linco.ln School of Medicine, the University of Illinois • 
• 
... 
i 
ACKNOWLEDGEMENTS 
The author exp~esses appreciation to his advisor, Dr. Stelios 
Aktipis, for instilling in him motivation towards achieving his 
. ' 
goals. Tha~ks are due to Dr. H.J. McDo~ald for affording the 
author the opportunity to perform the research in the Department 
of Biochemistry. The author expresses his gratitude to his 
parents for their .~aith in him. 
The past and continued friendship of Dr. A.L.N. Rao is 
acknowledged. The author thanks Dr. w.w. Martz for the example he 
set as an aggressive researcher. Thanks are due to many other 
students and faculty members, and especially, to the secretary of 
the Department of Biochemistry, Mrs. M:lureen Paszkiet, for their 
assistarice which was alw~ys given freely when needed. The assist-
ance of his father-in-law, Mr. Harry H. Bostrom, in the preparation 
.. • ~ - • .,,.. .. • A ' .. ,,.. .. 
of the illustrations is gratefully acknowledged. 
Lastly, the author thanks his wife, Joyce, for her unfailing 
support during the last six years and especially for her sacrifices 
during those times when she tolerated more than could be expected. 
ii 
TABLE OF CONTENTS 
'. 
. 
CHAPTER Ia INTRODUCTION •• • • • • • • • . .. • • • • • • • 
A. 
B. 
c. 
D. 
E. 
F. 
G. 
H. 
I. 
PURPOSE •• • • • • • • • • • • • • • • • • • • • • 
INACTIVATION OF ENZYMES BY ULTRAVIOLET LIGHT • 
CIRCULAR DICHROISM AS A TOOL FOR STUDYING 
PROTEIN CONFORMATION • • • • • , • • • • • • • 
• • 
• • 
TITRATION OF FREE SULFHYDRYL GROUPS. • • • • • • • 
' - . . - . SPECTROPHOTOMETRid TITRATIONS. • • • • • • • • • • 
CIRCULAR DICHROISM-TEMPERATURE PROFILES. • • 
THE CIRCULAR DICHROISM SPECTRA OF NATIVE AND 
IRRADIATED RIBONUCLEASE IN THE PRESENCE AND 
ABSENCE OF SO:ME PROTEIN DENATURANTS. • • • • 
• • • 
• • • 
• • • • • • • • • • • 1. 
2. 
Sodium Dodecyl Sulfate • 
Alkalinization • • • • • • • • • • • • • • • • 
\ . 
~CHANISMS OF DISULFIDE BOND CLEAVAGE BY 
ULTRAVIOLET LIGHT. • • • • • • • • • • • • • 
·ntsui:f'ide 
,. 
1. Cleavage by Direct Absorption 
of Ultraviolet Light • • • • • • • • • • 2. Energy Transfer Mechanisms Among 
Aroma.tic Residues. • • • • • • • • • • • 
.3. Energy Transfer From Aromatic Residues 
to Cystine • • • • • • • • • • • • • • • 4. Formation of Stable End Products • • • • 
COMPARISON BETWEEN THE EFFECTS OF ULTRAVIOLET 
IRRADIATION OF PROTEINS AND THE HIGH-ENERGY 
IRRADIATION OF PROTEINS. • • • • • • • • • • 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 
CHAPTER !Is ffiATERIALS, PROCEDURES, AND EXPERIMENTAL 
A. 
METHODS. • • • • • • • • • • • • • • • • • • • • • 
MATERIALS •••• • • • • • • • • • • • • • • • • • 
1. 
2. 
Chemicals •••••••••• 
Analytical Instruments • • • 
iii 
• • • • • • • • • 
• • • • • • • • • 
Page 
1 
1 
s 
7 
11 
12 
14 
1.5 
16 
17 
18 
18 
20 
22 
24 
26 
27, 
27 
27 
28 
.. • 
B. PROCEDURES. 
1. 
2. 
• • • • • • • • • • • • • • • • • • • 
•" oCd
0 4: 
Circular Dichroism. • • • • • • • • • • • • • 
Irradiation Procedure • • • • • • • • • • • • 
Amino Acid Analysis • • • • • • • • • • • • • 
Circular Dichroism-Temperature Profiles • • • 
c. EXPERIMENTAL METHODS •••••• • • • • • • • • • 
1a. Preparation of Ribonuclease Solutions • • • • 1b. Preparation of Solutions of NACTA, 
Poly-L-Tyrosine and Several Proteins. • • • • 2. Purity of Ribonuclease. • • • • • • • • • • • 3. Preparation of Ribonuclease Solutions 
for Irradiation • • • • • • • • • • • • • • • 4. Determination of Enzyme Activity. • • • • • • 
.s. Determination ot Sulthydryl Groups. • • • • • 6. oxidation of Ribonuclease • • • • • • • • • • 7. Absorption Spectra. • • • • • • • • • • • • • s. Spectrophotometric Titrations •• • • • • • • 9. Ribonuclease Hydrolysis for Amino Acid 
Analysis. • • • • • • • • • • • • • • • • • • 
28 
28 
31 )2 
34 
35 
JS 
JS 
37 
37 
J8 
39 
42 
43 
4) 
CHAPTER III1 RESULTS. • • • • • • • • • • • • • • • • • • 
44 
47 
A. 
c. 
D. 
RELATION BETWEEN ENZYMIC ACTIVITY AND 
IRRADIATION TIME IN RIBON~CLEA$E •••••• • • • 
' •• < ,, 
SULFHYDRYL CONTENT OF IRRADIATED RIBONUCLEASE • • 
ULTRAVIOLET ABSORPTION SPECTRA. • • • • • • • • • 
1. Ultraviolet Spectra of Native and 
47 
49 
SJ 
Irradiated Ribonuclease • • • • • • • • • • • 53 
2. The Dependence of the Ultraviolet Spectrum 
of Irradiated Ribonuclease Upon Time and 
Exposure to Atmospheric OXygen. • • • • • • • S6 
CIRCULAR DICHROISM OF NATIVE AND 
IRRADIATED RIBONUCLEASE • • • • • 
. . • • • • • • • • 61 
E ... SPECTROPHOTOMETRIC TITRATIONS OF NATIVE 
AND IRRADIATED RIBONUCLEASE • • • • • • • • • • • 71 
F. THE DEPENDENCE OF CIRCULAR DICHROISM OF 
RIBONUCLEASE ON TEMPERATURE • • • • • • 
' 
• • • • • 
1. The Circular Dichroism-Temperature Profile 
78 
of Native Ribonuclease at 275 nm. • • • • • • 78 
2. The Circular Dichroism-Temperature Profile 
of Irradiated Ribonuclease at 275 nm. • • • • 82 
iv 
G. 
. ~ . 
'· The Circular Dichroism-Temperature 
86 
90 
94 
97 
Profiles at 239 nm • • • • • • • • • • • • • • 
4. The Circular Diehroism-Temperature 
Profiles at 220 nm • • • • • • • • • • • • • • 
5. The Circular Dichroism-Temperature 
Profiles at J2S nm • ; • • • • • • • • • • • • 
FAR ULTRAVIOLET CIRCULAR DIOHROISM STUDIES • • • • 
1. 
2. 
Far Ultraviolet Circular Dichroism Spectra 
of Irradiated Ribonuclease • • • • • • • • 
Far Ultraviolet Circular Dichroism Spectra 
Ribonuclease in Presence of Sodium Dodecyl 
Sulfate. • • • • • • • • • • • • • • • • • 
• • 97 
of 
• • 106 
EFFECTS OF VARIOUS TREATMENTS ON THE 
CIRCULAR DICHROISM OF RIBONUCLEASE ~ • • • • • • • 115 
1. Irradiated Ribonuclease Stored Under Argon • • 115 
2. Treatment of Ribonuclease With Sodium 
Dodecyl Sulfate. • • • • • • • • • • • • • • • 121 
3. Treatment of Ribonuclease With .. 
Cleland' s Reagent. • • • · • • • • • • • • • • • 12.5 
4. Beta Meroaptoethanol • • • • • • • • • • • • • 130 
5. Effect of pH • • • • • .• • • • • • ·· • • • • • • 132 
a. Circular Dichroism of Native 
Ribonuclease at Various pH•s • • • • • • • 1)2 
b. Effect of Alkalinization on the 
Circular Dichroism S~ctrum of 
Irradiated Ribonuelease •• ·• -••••••• 1.36 
c. Effect of Acid pH on the Circular 
Dichroism Spectrum of Native and 
Irradiated Ribonuclease. • • • • • • • • • 140 
d. Circular Dichroism Spectral 
Titration at J20 nm. • • • • • • • • • • • 145 
6. Effect of Urea • • • • • • • • • • • • • • • • 14? 
7. Irradiation of Ribonuclease at Acid pH • • • • 151 
8. Irradiation of Ribonuclease at Alkaline pH • • 153 
a. Results at pH 11.2 • • • • • • • • • • • • 153 
b. Results at pH 12.2 • • • • • • • • • • • • 15? 
9. Effect of Elevated Temperature on .t~e 
Circular Diehroism Spectra of Irradiated 
Ribonuclease • • • • • • • • • • • • • • • • • 161 
I. AMINO ACID ANALYSIS OF IRRADIATED RIBONUCLEASE • • 164 
J. POLY-L-'1.'YROSINE. • ; • • ·• • • • ~ • • • 4 • • • • ·' 167 
1. Ultraviolet Absorption Spectra • • • • • • • • 167 
2. Circular Diehroism Spectra • • • • • • • • • • 170 
v 
3. Ultraviolet and Circular Dichroism Spectra 
of Poly-L-Tyrosine After Heating .. Under 
'\ Alkaline Conditions.·. • • • • • • • • !' • .... 177 
K. N-ACETYL-L-TYROSINAMIDE. • • • • • • • • • • • • •- 184 . . 
-
1. Absorption Spectra • • • • • • • • • • • .. • I • 184 .. 2. Circular Dichroism Spectra • • • • • • • • • • 184 
L. ULTRAVIOLET AND CIRCULAR DICHROISM.SPECTRA OF 
SEVERAL IRRADIATED PROTEINS. • • • • • • • • • • • 187 
1. Ultraviolet Absorption Spectra • • • • • • • • 187 2. Circular Dichroism Spectra • • • • • • • • • • 188 
a. Oxidized Ribonuclease. • • • • • • • • • • 188 b. Bovine Serum Albumin • • • • • • . · ... • • • 192 a. Trypsin. • • • • • •• • • • .. . • • • • .• • 194· d. Insulin. • • • • • • • • • • • • • • • . .. , 194 e. ~-Chymotryp$1n • • • • • • • .... • • • • • 197: . t. Lysezyme , •• • . 197 • • • • • • • • • • • • • • g. Pepsin • i .. • . .~ - ·~. • • • • • • • • • 200 ... h. Yeast Eno ase. • • • • • • • • • • • • • • 202 
. 1. Protamine • • • • • • • • • • • • • • • • • 202 
CHAPTER IVs -- DISCUSSION •• • • • • • • • • • • • • • • • • 204 
A. CHANGES IN THE oL-HELICAL AND fl -STRUCTURE CONTENT OF 
ULTRAVIOLET IRRADIATED RIBONUCLEASE. • • • • • • • 204 
B. ULTRAVIOLET LIGHT-PROMOTED CHANGES IN THE 
CONFOR~fATION OF RIBONUCLEASE • • • • • • • • • • • 207 
1. Circular Dichroism Evidence for the Existence 
of Partially Denatured Ribonuclease. 
• • • • • 207 2. The Disruption of Disul!ide Bonds in 
Irradiated Ribonuclease. • • • • • • • • • • • 207 3. The Non-Essential Nature of Some of the 
Disulfide Bonds in Ribonuclease. 
• • • • • • • 211 4. Molecular Species Present in Solutions of 
Irradiated Ribonucleasea ·Evidence for the 
Presence of Native and Partially Denatured 
Molecules. • • • • • • • • • • • • • • • • • • 212 
e. THE NORMALIZATION OF BURIED TYROSINE RESIDUES, • • 214 
1. Irradiation-Induced Normalization. • • • • • • 214 2. Heat-Induced Normalization of Tyrosyl 
Res!dues in Irradiated Ribonuclease •• • • • • 2i6 
D. . THE GENERATION OF A NEW CHROMOPHORE DURING 
IRRADIATION OF RIBONUCLEASE. • • • • • • • • • • • 219 
vi 
1. Disulfide Transition as a Possible Source 
of Optical Activity Near 325 nm. • • • • • • • 221 
2. Evidence for the Involvement of Tyrosine 
Residues • • • • • • • • • • • • • • • • • • • 22J 
a. Spectrophotometric Studies • • • • • • • • 22J 
b. The Effect of Denaturants on the 
Conformation ot Ribonuclease • • • • • • • 226 
c. Amino Acid Analysis. • • • • • • • • • • • 227 
E. CONDITIONS FAVORING THE FORMATION OF THE NEW 
F. 
G. 
CHROMOPHORE. • • • • • • • • • • • • • • • • • • • 227 
1. 
2. 
J. 
4. 
The Role of Primary Sequence • • • • • • • • • 227 
The Proximity of Tyrosine Residues in the 
Tertiary Structure • • • • • • • • • • • • • • 229 
Assignment of the J25 nm CD Band in Irra.diated 
Ribonuclease to a Specific Tyrosine Linkage. • 233 
Conformational and Chemical Changes 
Accompanying the Irradiation of Some Other 
Proteins and the Role of Tertiary Structure 
in the Possible Formation of Bi-tyrosine. • • • 234 
COMPARISON OF ULTRAVIOLET AND HIGij-~NERGY 
241 IRRADIATION. • • • • • • • • • • • • • • • • • • • 
MODEL FOR THE INACTIVATION0 0P RIBONUCLEASE A BY ULTRAVIOLET LIGHT AT 2$31 A. • • • • • • • • • • • 
BIBLIOGRAPHY •••• ·1 , • • • • • • • • • • • • • • • • • • 
244 
248 
vii 
LIST OF TABLES 
Table Page 
1. :Preparation of Solutions of NACTA, Poly-L-Tyrosine, 
and Several Proteins • • • • • • • • • • • • • • • • 36 
II. Amino Acid Analyses of Irradiated Ribonuclease • • • 165 
III. The Presence or Absence of a New dn Band Near 320-
JJO nm for Several Irradiated Proteins • • • • • • • 235 
, 
..... 
viii 
-f. 
LIST OF ILLUSTRATIONS 
Figure Page 
. 
1. Amino acid sequence of bovine pancreatic 
ribonuclease ••••••••••••••• • • • • • J 
2. Diagram of the three-dimensional structure ot the 
peptide backbone of ribonuelease. • • • • • • • • • 4 
3. Dependence of the absorption at 412 nm on the con-
centration of sulfhydryl groups reacting with 
Ellman•s reagent. • • • • • • • • • • • • • • • • • 41 
4. Dependence of the logarithm of the absorption (290 
nm) of native RNase at pH's greater than 12 on time 45 
5. The relation between the loss of RNase activity and 
length of irradiation • • • • • • • • • • • • • • • 48 
6. Sulfhydryl content of irradiated RNase as a 
function of enzymic activity. • • • •. • • • • • • • St 
7. Ultraviolet absorption spectra of native and 
irre.dia ted RNase. • • • • • • • • • • . • • . • • . • • • 54 
8~ '• 
· t1l traviolet absorption spectra ot RNase· obtained 
at several time intervals post-irradiation. • • • • 57 
" 
9. Circular.dichroism of native and irradiated RNase • 62 
10. ··' Change in ellipticity between native RNase and 
irradiated RNase at 239 nm and 275 nm as a 
function of enzymic activity. • • • • • • .. • • • • • 67 
11. Change in ellipticity at 325 nm between native 
RNase and irradiated RNase plotted as a function of 
enzymic activity. • • • • • • • • • • • • • • • • • 69 
12. Spectrophotometric titration at 290 nm of native 
RNase • • • • • • • • • • • ·• ~ • ·• • • • • • • • • 72 
13. Spectrophotometrie titration at 290 nm of irrad-
iated RNase maintaining 9)~ original activity • • • 74 
14. Spectrophotometric titration at 290 nm of irrad-
iated RNase• maintaining 74~ original activity • • • 7? 
15. Dependence of the circular dichroism at 275 nm of 
native RNase and irradiated RNase maintaining 
various amounts of enzymic activity on temperature. 79 
ix 
.·. 
16. Dependence of the circular dichroism at 239 nm of 
native RNase and irradiated RNase maintaining 
various amounts of enzymic activity on temperature. 88 
17. Dependence of.the circular dichroism at 220 nm of 
native RNase and irradiated RNase maintaining 
various amounts ot enzymic activity on temperature. 91 
18. Dependence of the circular dichroism at 325 nm of 
irradiated RNase maintaining various amounts of 
enzymic activity on temperature • • • • • • • • • • 95 
19. Circular dichroism at 3°c. of native and irradiated 
RNase maintaining various amounts of enzymic 
activity in the wavelength region below 240 nm. • • 99 
""''° ~o. Circular dichrolsm at room temperature of native 
and irradiated RNase maintaining various amounts of 
enzymic activity in the wavelength regi~n below 
240 nm. • • • • • • • • • • • • • • • • • • • • • • 102 
21. Circular dichroism at room temperature in the 
wavelength region below 240 nm of native RNase in 
the presence of 1.5~ sodium dodecyl sulfate • • • • 107 
22. Circular dichroism at room temperature in the 
wavelength region below 240 nm of irradiated RNase 
in the presence of 1.5% sodium dodecyl sulfate. • • 112 
Circular dichroism of irradiated RNaae recorded 
after standing at 3°c. for 24 hours under Argon 
Circular dichroism of irradiated RNase recorded 
after standing at room temperature for 24 hours 
under Argon • • • • • • • • • • • • • • • • • • 
• • 116 
• • 118 
25. Circular dichroism of native RNase in the presence 
of 1.5% sodium dodecyl sulfate in the wavelength 
region above 240 nm • • • • • • • • • • • • • • • • 122 
26. Circular dichroism of irradiated RNa.se in the 
presence of 1.5% sodium dodecyl sulfate in the 
wavelength region above 240 nm. • • • • • • • • • • 124 
2?. Circular dichroism Qf irradiated RNase in the 
28. 
presence of 4 x 10-J ! Cleland's reagent at room 
temperature • • • • • • • • • • • • . • • • • • • • • 127 
Circular dichroism 9r irradiated RNase in the 
presence of 4 x 10- ! Cleland's reagent at 3°c 
x 
• • 129 
29. 
30. 
JJ· 
J4. 
•;,·. Jo. 
Circular dichroism of irradiated RNase in the 
presence of a ten-fold molar excess or beta 
m.ercaptoethanol • • • • • • • • • • • • • • • • • .• 
Circular dichroism of native RNase at various pH 
values. • • • •. • • • • • • • • • • • • • • • • • • 
Circular dichroism of native RNase at pH 12.75. • • 
Circular dichroism of irradiated RNase {21~ resid-
ual activity) at several pH values ••••.••••• 
Circular dichroism of irradiated RNase (33~ resid-
ual activity) at pH 12.75 •••••••• , •••• 
Circular dichroism of native RNase at acid pH 
values. ; • · • ·• • • • • • • • • • • • • • • • • • • 
Circular diehroism of irradiated RNaee (J)% resid-
ual activity) at acid pH values •••••••••• 
Dependence of the circular dichroism at 320 nm of 
irradiated RNase (10% enzymic activity) upon pH •• 
131 
133 
135 
137 
1J9 
141 
14J 
146 
37· Circular dichroism of irradiated RNase in 7 ! urea 
at various pH values. • • • • • • • • • • • • • • • 148 
3~~· 'Circular diehroism of RNase irradiated at pH 3.0. • 152 
J9. Circular dichroism of RNase irradiated at pH 11.2 • 154 
40. Circular dichroism of RNase irradiated at pH 12.2 • 155 
41. Circular diohroism of irradiated RNase (31~ orig-
inal activity) at 70°c. and 90°c. • • • • • • • • • 163 
42. Ultraviolet absorption spectra of' unirradiated and 
irradiated poly-L-tyroaine. • • • • • • • • • • • • 168 
43. Circular dichroism of unirradiated and irradiated 
poly-L-tyrosine • • • • • • • • • • • • • • • • • • 171 
44. Ultraviolet absorption spectra of irradiated poly-
L-tyrosine after exposure to air-oxygen for 12 hrs. 175 
46. 
Ultraviolet absorption spectra of unirradiated 
poly-L-tyrosine after alkaline-heat treatment • 
• 
• • 
Ultraviolet absorption spectra of irradiated 
poly-L-tyroeine after alkaline-heat treatment • • • 
xi 
178 
180 
47. Circular dichroism of unirradiated and irradiated 
poly-L-tyrosine after alkaline-heat treatment • • • 182 
48. Ultraviolet absorption spectra of unirradiated and 
irradiated N-aeetyl-L-tyrosinamide. • • • • • • • • 185 
49. Circular dichroism of unirradiated and irradiated 
N-acetyl-L-tyrosinamide • • • • • • • • • • • • • • 186 
50. Ultraviolet aosorption spectra of unirradiated and 
irradiated pepsin • • • • • • • • • • • • • • • • • 189 
51. Ultraviolet absorption spectra of unirradiated and 
irradiated bovine serum albumin • • • • • • • • • • 190 
52. circular dichroism of i~radiated performic acid-
oxidized RNa.se. • • • • • • • • • • · ~ · • • • • • • • 191 
53. Circular diohroism of unirradiated and irradiated 
bovine serum albumin. • • • • • • • • • • • • • • • 193 
54~· Circu1ar dichroism of native and irrapiated trypsin 195 
55t1· Circular diehroism of native and irradiated insulin 196 
56. Circular dichroism of native and irradiated 
G(...chymotrypsin. • • • • • " • • • • • • • • 
Circula:t"·diohroism of native and irradiated 
lysozyme. • • • • • • • • • • • • • • • • • 
• • • • 
• • • • 
5B. Circtil.ar dichroism of unirradiated and irradiated 
198 
199 
pepsin. • • • • • • • • • • • • • • • • • • • • • • 201 
59. Circular diehroism of unirradiated and irradiated 
yeast enolase • • • • • • • • • • • • • • • • • • • 203 
.•. 
xii 
LIST OF ABBREVIATIONS 
1. BSA - bovine serum albumin 
2. CD - circular dichroism 
3. DTNB - dithionitrobenzoic acid, Ellman•s Reagent 
4. DTT - dithiothreitol, Cleland's Reagent, 2,J-dihydroxy-
1,4-dithiolbutane 
5. EPR - electron paramagnetic resonance 
6. I - ionic s~ength 
7. MRW - mean residue weight 
B. NAC'fA - N-acetyl-L-tyrosinamide 
9. PCMB - parachioromercuricoen~~ate 
10. RNase - bovine pancreatic ribonuclease A 
11. SDS - sodium dodecyl sulfate 
12. uv - ultraviolet 
• 
xiii 
CHAPTER Is INTRODUCTION 
A. PURPOSE 
The deleterious effects of ultraviolet light on complex 
biological systems have been known for many years. The final 
Ii . ~ ". .,_ < • • • 
effects (122,158,173) of ultraviolet irradiation of bacterial 
cells, bacteriophages, and animal viruses, are mutations and cell 
death. The primary target molecules tor the ultraviolet light 
in these biological systems· are'nuoleic acids and proteins. 
The lethal effects of ultraviolet irradiation on cells and 
viruses that result from ultraviolet alteration of nucleic acids 
h~ve __ been well-characterized a the formation of DNA-protein 
cross-links (172), cytosine hydrates {159), and thymine dimers 
(161) may all contribute to the observable effects. 
The specific alterations in cellular proteins accompanying 
... 
ultraviolet irradiation are not well understood at the present 
time. In addition to altering structural proteins such as 
collagen (45,74,131) ultraviolet irradiation undoubtedly contrib-
utes to cell death through the. inactivation of enzymes crucial 
for sustaining normal metabolic processes involved in cell 
growth and cell division. 
It is the purpose of this dissertation,° therefore, to 
examine the molecular alterations, both conformational and 
chemical, which accompany the ultraviolet-induced inactivation 
• • 
of one specific enzyme, ribonuclease A. 
Bovine pancreatic ribonuclease A was chosen for these 
2 
studies because the primary structure of the enzyme is known (174) 
and, in addition, considerable amounts of information are avail-
able concerning the secondary (83,106,153,204) and tertiary 
0 
structure {83,106,153,204), including a recent 2 A x-ray 
·crystallographic map ( 106) • 
,,. . 
The amino acid sequence of RNase and 
a diagram of the backbone of RNase based on x-ray data, are shown 
in FigS.e' 1 and 2, respectively. Information is available concern-
ing the active site of the enzyme. In this, regard, chemical 
studies (16,51) reveal that the amino acid residues which are 
necessary for enzymic activity are histidines 12, 119, and lysine 
41. Also x-ray crystallographic data (51,106,204,205) has 
indicated that the substrate binding site lies in a cleft which 
·1s located on the exterior surface of the molecule. The cleft is 
bounded by residues 7-11, 41-45~ and li9-12J. 
· · For reasons which will become apparent in a subsequent 
· 's·e·ct!on (H4) the investigation was expanded iri order to include 
the polypeptide poly-L-tyrosine and several proteins. 
Irradiations were performed with ultraviolet light because 
in contrast to high energy x-ray and gamma irradiation which 
involves peptide bond breakage, ultraviolet light at 2537 X 
promotes relatively specific and discrete structural modifications 
involving preferential cystine residues. 
The changes in RNase structure upon ultraviolet irradiation 
were followed by absorption spectroscopy and circular dichroism 
• 4 
(CD) measurements. Circular dichroism studies were chosen because 
CD is sensitive to alterations in protein conformation, and the 
3 
FIGURE 1 
s & , e 9 lo n 12 1~ 14 15 l6 17 16 19 20 
51 
48 41 "l& 45 42 41 40 39 3a ;n ar. 35 34 33 
lf 
... ,- .. 
From a Smyth, D.G., Stein, W.H., and Moore, s., ~The Sequence of 
Amino Aoid'Residues in.Bovine Pancreatic Ribonuclease1 
Revisions and Confirmations," J. fil.21· .Q.hfil!!• 238, 227 (196J). 
. . ~ 
0 
OI 
.., 
0: 
.... ~ 
~ 
:;; 
I-
IO 
.., 
• 
..J 
• 
"' 
... 
. Ch 
z .;kl 
ID 
CD 
FIGURE 2 
. . 
·' ......... 
Sl~ .. 
-~.:'\~ 
~ .· 
>-
tO 
N 
... .. 
. .._ §a·· ·'~ 0 
...... ··"' 
4 
... 
.. 
.. 
Froms Dayhoff, M.o., ed., Atlas of Protein Sequence and Structure, 
vol. 5, National Biomedical Research Foundation,!Viaryland (1972 
Note 1 Encircled "Y" © represents tyrosine residue (s). See refer-· 
enoe (51) for notations of other amino acid residues, or refer 
to Fi'g. 1 for identification of amino acid residues by number. 
5 
ultraviolet irradiation of enzymes, as discussed below, results in 
alterations of protein conformation. 
B. INACTIVATION OF ENZYMES BY ULTRAVIOLET LIGHT 
An understanding of the causes leading to inactivation of 
RNase and other cystine containing proteins during photolysis by 
ultraviolet light may be arrived at from two distinct points of 
view. According to one set of proposals enzyme inactivation is 
mediated essentially by the random chemical modification of amino 
acid side-chains (122). Such a process is denoted in this 
dissertation as photolysis or destruction. The alternative 
suggestion is that the photolysis of cystine residues is of 
paramotmt importance in the ultraviolet irradiation of enzymes 
(8,11). These models of ultraviolet inactivation of enzymes, and 
RNase in particular, are discussed below. 
According to Mclaren (122), enzyme molecules can undergo 
inactivation by ultraviolet light as a result of the loss of 
identity of any one of the aromatic residues, disulfide bonds, 
or peptide bonds. Each of these residues absorbs some ultraviolet 
light at 2537 X (12),127). The inactivation may be accounted for 
quantitatively by simply summing the products of the probability 
that light will be absorbed by a given amino acid residue and the 
probability that the absorbed light will induce a chemical change 
in the residue. 
Inactivation, then, would depend on the essentially random 
destruction of amino acid residues. For the above scheme of 
inactivation it is assumed that a given amino acid residue will 
exhibit the same photochemical behavior whether the residue is 
incorporated into a protein, peptide, or it is free in solution. 
Furthermore, the above analyses assumes that the efficiency of 
destruction of a given amino acid residue is the same whether it 
lies on the exterior surface of the protein or whether it lies 
buried within the interior of the protein. 
This theory was later modified to include the concept that 
not all residues of a particular type are critical for enzymic 
activity and that a quantum of light absorbed by cystine was more 
likely to cause inactivation than a quantum absorbed by another 
residue (160). Under the conditions employed, no changes in the 
content of tyrosine residues, phenylalanine residues, or peptide 
bonds could be detected (9,125). It is pertinent to note here 
that in contrast, the results of the present study suggest that 
the chemical modification of tyrosine residues accompanies ultra-
violet irradiation of RNase. 
According to this theory, however, all cystines are equally 
important for maintaining activity and the destruction of any of 
them may lead to inactivation. The rupture of disulfide bonds is 
a random process in the same sense that the chemical modification 
ot aromatic residues is random. Furthermore, a basic premise of 
this hypothesis is that each amino acid residue acts as an inde-
pendent absorber unaffected by neighboring amino acid residues. 
' 
Energy transfer among chromophores, i.e., energy absorbed by one 
sidue and passed to another, is not considered of importance in 
6 
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enzyme inactivation (124). 
The second hypothesis concerning enzyme inactivation is based 
on distinctively different assumptions. It has been suggested 
that the u1traviolet-indueed enzyme inactivation of RNase proceeds 
through the disruption of specific cystine residues and hydrogen 
bonds that are responsible for maintaining the topography of the 
active site (9,10,12,79,146). 
According to this latter view, not all cystine residues are 
of equal importance in maintaining full enzymic activity. Some 
cystine residues. which are least essential for activity, are more 
susceptible to the damaging effects of ultraviolet light. It was 
further proposed that ultraviolet energy absorbed by non-essential 
residues, specifically tyrosine, may migrate to disulfide bonds 
and hydrogen bonds so as to induce the preferential disruption of 
certain cystine residues. In the case of RNase, these photolabile 
cystine residues would most likely correspond to those residues 
r 
which were located near tyrosine residues. 
C. CIRCULAR DICHROISM AS A TOOL FOR STUDYING PROTEIN CONFORWATION 
As noted in the previous section, the ultraviolet-induced 
inactivation of RNase can be correlated with the loss of the 
integrity of cystine residues. The disruption of disulfide bonds 
n ultraviolet irradiated RNase presumably alters the native 
~ 
econdary and tertiary structure. 
Although direct proof for these ultraviolet-induced confor-
tional alterations is not yet available, some pertinent data has 
8 
been reported. Nason (121) has shown that ultraviolet irradiation 
facilitates hydrogen-deuterium exchange in RNase and has concluded 
that conformational modifications have occurred. Presumptive 
evidence for the occurrence of conformational changes upon ultra-
violet irradiation of several other proteins has been reported from 
0 
studies of solubility, optical rotation at 5461 A, viscosity, 
surface tension, index of refraction, and the digestability of 
irradiated proteins by proteolytic enzymes (75,122,127). Modifica-
tions in the sedimentation patterns of some irradiated proteins 
also suggest that ultraviolet light unfolds the protein molecule 
(55.122). 
Since CD is a standard tool for studying the secondary and 
tertiary structure of proteins and polypeptides, this technique 
was employed in order to identify the specific nature of the 
conformational alterations accompanying the ultraviolet-induced 
inactivation of RNase. The CD spectrum of unirradiated RNase, 
discussed in greater detail in Chapter III, exhibits a positive CD 
band near 239 nm, and negative bands near 275 nm, 220 nm, and 
210 nm. The CD bands at 275 nm and 239 nm, located in the near 
ultraviolet region of the CD spectrum, are associated with 
optieally active transitions of side-chain chromophores (25,26,27, 
40), specifically benzyl, phenol, and cystinyl moieties. 
In contrast, the extrema noted at 210 nm and 220 nm in the 
far ultraviolet region of the CD spectrum may be associated with 
the optical activity of theo(-helical, beta pleated sheet, and 
unordered forms of secondary structure present in RNase {49,78,92, 
F 
132,141,155,156,192). Currently much information is available 
concerning the overall CD characteristics of the()(..-helical form 
(78,92,132,155,156). However, considerable controversy exists 
regarding the circular dichroism properties of theoL.-helical 
form in RNase. It is pertinent at this point, therefore, to 
describe the origin of the far ultraviolet CD bands associated 
with the~-helical form of the secondary RNase structure. 
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Moffitt (132).has theoretically treated thetit-helix as a 
conjugated system of interacting peptide bonds resulting from the 
delocalization of excitation energy. Wave mechanical treatment of 
this "exciton" model predicts that the energy associated with the 
interacting peptide bonds may be split into two component energy 
levels. Ea.ch energy level is expected to behave differently upon 
interaction with polarized light. This original prediction of a 
peptide transition split into two energy levels was later exper-
imentally confirmed (92). The 210 nm minimum is apparently assoc-
iated with one energy level of the split peptide transition. 
The second energy level, corresponding to a band not recorded in 
the present studies, lies near 190 nm. 
The extremum near 220 nm is generally considered character-
istic of the n~~* amide transition (78,156). This transition 
arises from the promotion of an oxygen non-bonding, atomic 
electron to an anti-bonding molecular orbital comprising the 
carbonyl oxygen and nitrogen atoms. In contrast to the shorter 
• 
wavelength bands near 190 nm and near 210 nm which are generated 
. by the interaction of peptide bonds, the 220 nm transition may 
10 
be generated by the discrete perturbation of a peptide chromophore 
by the electric field surrounding thet:l(.-helix. Changes in 
ellipticity near 220 nm may thus reflect alterations in the 
ot.-helix. 
In this regard, forc(-helical polypeptide models, such as 
poly-L-glutamic acid (92), the ~TI'* transition is extremely 
intense with an approximate ellipticity of -39,000 deg. cm2/ 
decimole. Schellman and Lowe (155) suggest that the negative 
ellipticity for RNase in this region is far less intense to be of 
a similar type as that reported for the polyamino acid above 
which presumably occurs in a completely helical conformation. 
In the case of RNase the reduced ellipticity at 220 nm c&nnot 
be explained by taking into account contributions from the beta 
pleated sheet form. The beta form which exhibits an extremum near 
217 nm (49,141,192) in model polypeptides, would be expected to 
exhibit a less intense mean residue ellipticity at 220 nm than the 
ot..-helical form exhibits at 220 nm. However, as noted above, such 
considerations are inadequate to explain the findings. 
To account for the reduced ellipticity at 220 nm, the 
presence of short and/or distortedoC.-helices, which exhibit 
altered optical activity, has been proposed (155). Recent x-ray 
crystallographic data has indicated that indeed the helical 
regions in RNase are short and composed of no more than ten amino 
acids (106). 
The reduced ellipticity at 220 nm may nevertheless be 
• 
interpreted on a different basis. This alternative interpretation 
11 
suggests that the far ultraviolet CD spectrum of native RNase can 
be successfully resolved into its component transitions by includ-
ing contributions from aromatic chromophores (141). 
A composite curve obtained by the application of a curve 
resolver appears superimposable on the experimentally determined 
spectrum of RNase. For the construction of this composite curve 
the parameters of position and intensity of bands associated with 
known secondary structures were employed. In addition, a small, 
positive band near 226 nm, representing side-chain contributions, 
most likely tyrosine, was included. For this treatment it was not 
necessary to involve markedly altered conformational parameters 
such as shortened helices to fit the data. 
The reduced ellipticity near 220 nm in the CD spectrum of 
native RNase may of course be accounted for by the combination of 
side-chain effects and altered helical parameters. 
D. TITRATION OF FREE SULFHYDRYL GROUPS 
Changes noted in the CD spectrum at 275 nm of native RNase 
upon irradiation have suggested that disulfide bond breakage 
accompanies the ultraviolet inactivation of the enzyme. It is 
therefore pertinent to determine quantitatively the concentration 
of free sulfhydryl groups produced by irradiation. 
In the present study a sensitive reagent for the spectro-
photometric determination of sulfhydryl groups, namely 5,5',dithio-
• 
bis-(2-nitrobenzoate) was employed (58). The detailed reaction of 
this reagent with sulfhydryl groups is outlined in Chapter II. 
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E. SPECTROPHOTOMETRIC TITRATIONS 
Changes in the CD spectrum of RNase at 239 nm and 275 nm are 
noted upon irradiation. The changes in ellipticity at 239 nm 
suggest that certain tyrosyl residues, located in the interior of 
the RNase molecule (the so-called "buried" residues) become 
exposed to solvent during irradiation. Such a process is commonly 
referred to as "normalization". To assess the extent, if any, to 
which such a process occurred, spectrophotometric titrations were 
performed on both unirradiated and irradiated RNase. 
The monitoring of normalization is based on the spectral 
properties of the tyrosyl residues in RNase. Specifically, the 
ultraviolet absorption spectrum of RNase A in the 250 nm to 330 nm 
region is dependent on pH (163,187). The change in absorption 
noted upon raising the pH from neutrality to alkalinity is due to 
the change in molar absorptivity accompanying the dissociation of 
phenolic hydroxyl groups of the protein. The absorption maximum 
of RNase, located at 277.5 nm at pH 7.0 shifts to 293 nm and is 
intensified upon alkalinization. A similar shift of the absorption 
maximum occurs for free tyrosine in solution from 275 nm to 293 nm 
as the pH is raised from neutrality to 13.0 (19,117,187). 
The absorption spectra of RNase at pH values between 7.0 and 
12.2 define two isobestic points--one at 270 nm and one at 280 nm 
(187). The presence of two isobestic points is also observed in 
solutions of free tyrosine. For both Rfl!ase and free tyrosine 
• the presence of these isobestic points is interpreted as denoting 
the existence of a reversible equilibrium between the phenolic and 
13 
phenolate species of tyrosine residues (187). 
At pH values greater than 12.2 the curves for RNase begin to 
deviate from the isobestic points. In the case of RNase the 
changes in the absorption noted upon raising the pH to 12.2 are 
due to the spectral changes associated with the ionization of 
those tyrosine residues that lie on the outer surface of the 
protein molecule {Tyra 73,76,115). At pH 12.2, the alkali-
induced denaturation of RNase is initiated and thus the further 
spectral changes noted above pH 12.2 are due to the ionization of 
tyrosine groups that lie in the interior of the molecule and which 
are not normally accessible to titrant until the protein unfolds 
(Tyrs 25,92,97). 
In the case of ovalbumin (47) none of the tyrosine residues 
can be titrated until the native conformation is destroyed. This 
observation suggests that these tyrosine residues are embedded in 
the interior of the protein (i.e., buried). on the other hand, 
the ionization constants for the tyrosine residues in both poly-
L-tyrosine (107) and insulin (186) are similar to the ionization 
constant of free tyrosine in solution, near pH 9.9. This suggests 
that for these polypeptides the tyrosine ionization proceeds 
unhindered. The tyrosine residues of serum albumin (188) and 
lysozyme (189) appear to represent an intermediate case in which 
the ionization is reversible but occurs at a higher intrinsic pH. 
In contrast to bovine pancreatic RNase which contains three 
• 
exposed and three buried tyrosines, horse pancreatic RNase contains 
five tyrosine residues (120). Of the five tyrosine 
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residues three titrate normally while two appear to be buried. 
The spectrophotometric titration of bacterial RNase T1 (Taka-
diastase) isolated from Aspergillus oryzae, revealed the presence 
of two normally titrating tyrosine residues and seven abnormal 
residues (98) • 
The abnormal titration properties of some of the tyrosine 
residues in RNase A, RNase T1 , horse RNase, and ovalbumin, is not 
fully understood. It has been suggested that the abnormal tyro-
sines are hydrogen bonded or otherwise interact with carboxylate 
groups with abnormally low pK's (187). If such a hydrogen bond 
were embedded in the hydrophobic interior of the protein, unusual 
stability would be imparted to the tyrosine hydroxyl group (187). 
Local electrostatic effects could also enhance the abnormal 
titration properties of these tyrosyl residues. 
, F. CIRCULAR DICHROISM TEIVIPERATURE PROFILES 
Non-covalent interactions such as hydrogen bonds, hydrophobic 
, bonding, and electrostatic forces contribute in maintaining the 
tertiary structure of ribonuclease. The importance of these 
interactions can be assessed by perturbing the specific forces 
involved and studying parameters that depend on tertiary structure. 
One experimental approach is to employ heat as the perturbant and 
measure changes in optical rotation (20), viscosity, and sedimen-
tation (200), and ultraviolet absorption parameters ()6,88,89). 
Since CD is sensitive to conformational changes, including 
even small changes in the local environment of amino acid side-
chains, it was of interest to study the effect of temperature on 
the CD of native and irradiated RNase. 
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It should be noted that earlier experiments (Sections D,E) 
have suggested that the ultraviolet inactivation of RNase is 
accompanied by conformational alterations presumably brought about 
by changes in both covalent and non-covalent bonds. 
G. THE CD SPECTRA OF NATIVE AND IRRADIATED RNASE IN THE PRESENCE 
AND ABSENCE OF SOME PROTEIN DENATURANTS 
In addition to changes in ellipticity at 275 nm and 239 nm, 
irradiation of RNase produced a new band near 325 nm. In order 
to characterize the 325 nm band, it was pertinent to determine 
whether this new CD band reflected an ultraviolet-induced 
conformational alteration of a chromophore present in the native 
enzyme, or whether it was derived from a new chromophore produced 
by the action of ultraviolet light on certain amino acid residues 
ot the enzyme. 
A differentiation between confor~.a.tional and chemical alter-
ations in a protein may be achieved with the aid of protein 
denaturants. The persistence of this new CD band under denaturing 
conditions in which the RNase molecule is unfolded would support 
the view that the modification is in fact a chemical one. A 
series of denaturants were employed for this purposes SDS, 
alkalinization, urea, DTT, and heat. Information concerning the 
• 
lllechanisms involved for the SDS and heat-promoted denaturation of 
RNase are given below. The other denaturants are discussed in 
16 
appropriate sections in Chapter III. 
1. Sodium Dodecyl Sulfate 
CH3(CHz)11CH2-0-SOz-O-Na+ (I) 
The mode of action of SDS (I) is not as yet completely 
established. Simons and Glazer (166) suggest that the destruction 
of electrostatic interactions is of primary importance while 
Jirgensons (104) suggests that the denaturing effect of SDS is 
mediated by the disruption of hydrophobic interactions. It has 
been recently reported that increasing the length of the hydro-
. ' 
carbon backbone from octyl to tetradecyl sodium sulfate increases 
the effectiveness of that particular detergent in weakening the 
near ultraviolet CD bands of the immunoglobulin fragment Fc(t) 
(112). Therefore, for this particular polypeptide at least the 
dominating importance of hydrophobic interactions seems to have 
been established. 
The SDS-induced RNase denaturation and accompanying tyrosyl 
normalization observed by Bigelow and Sonenberg {JO) was accom-
plished at SDS concentrations as low as 0.2%. It has been 
presumed that the effectiveness of the detergent at such low 
concentrations is due to the existence of strong, specific, 
binding forces that exist between the detergent and the denatured 
protein (184,185). The strength of the protein-detergent 
interaction must be of such magnitude to compete with detergent-
I detergent interactions that result in micelle formation. The 
concentration of SDS used in the study mentioned above (JO) was 
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just slightly higher than the critical micelle concentration. In 
the present study, the SDS concentration was 1.5% which is sig-
nificantly higher than the critical micelle concentration. At 
this concentration of SDS considerable micelle formation is 
expected to accompany the specific binding of SDS to RNase. 
In addition, it has been reported that the chemical disruption 
of disulfide bonds in RNase results in increased binding by SDS 
(144). Similarly, enhanced SDS binding would be expected with 
irradiated RNase since ultraviolet light also disrupts cystine 
residues. 
2. Alkalinization 
The RNase molecule, as is generally the case with most 
proteins, denatures when exposed to alkaline conditions. At high 
pH the denaturation is primarily the result of breakage of disul-
fide bonds (41). The predominant reaction, a beta elimination, 
shown below, results in the formation of dehydroalanine (II) 
pri1!18-rily from the disulfide bond joining half-cystine residues 40 
(II) 
In a subsequent reaction the double bond of dehydroalanine, 
18 
from half-cystine 40, presumably undergoes an addition reaction 
with thee amino group of lysine residue 41, forming lysinoalanine. 
polymerization reactions and aggregation may also accompany the 
alkali-induced denaturation of RNase. 
Under conditions of alkaline denaturation, ultraviolet 
difference spectroscopy has shown that all three buried tyrosine 
residues of RNase are normalized (29). 
H. MECHANISMS OF DISULFIDE BOND CLEAVAGE BY ULTRA VIOLET LIGHT 
The precise mechanisms of ultraviolet-induced disulfide 
breakage is unclear. As noted in Section B some controversy 
exists on the importance of energy transfer for the inactivation 
process. In one instance it has been suggested that the photolysis 
of cystine residues occurs only after direct absorption of ultra-
violet light by a random cystine residue (122). Other workers, 
however, suggest that photons absorbed by aromatic residues may 
cause the destruction of the integrity of specific disulfide bonds 
(8,11). 
It is therefore pertinent to discuss here the nature of 
disulfide cleavage and the possible role of an energy transfer 
mechanisms in this reaction. 
1. Disulfide Cleavage by Direct Absorption of UV Light 
The least complex case of disulfide disruption occurs when 
ultraviolet light is absorbed directly by the cystine residue 
itself. 
0 
At 2537 A the percentage absorption by cystine is ~4ximal 
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and corresponds to approximately JO% of the total ultraviolet 
flUX· Absorption by tyrosine and phenylalanine residues accounts 
for the remainder. 
Augenstein has shown that the absorption of 2537 i light 
results in the symmetrical cleavage of disulfide bonds to yield 
one sulfhydryl group and one residue of the type t:s0niTI (12,79). 
such a reaction may occur through the extraction, by the excited 
sulfur residue, of a hydrogen atom from a nearby phenol hydroxyl 
group or even possibly a hydrogen attached to an amide nitrogen. 
In either case, if a hydrogen were extracted, it is obvious that 
not only would disulfide disruption occur, but also a crucial 
hydrogen bond might be lost. Both of these events are expected to 
contribute to inactivation of the enzyme (10). In a small number 
of RNase disulfide disruptions, symmetrical cleavage to form two 
sulfhydryl groups may occur. 
Furthermore, other workers using electron paramagnetic 
resonance (EPR) (56,67,109) have shown that the ultraviolet 
irradiation of cystine, eysteine, and glutathione leads to the 
formation of radicals in which an unpaired electron is localized 
on sulfur atoms. The presence of such radicals substantiates the 
essential reactivity of cystine residues which results from ultra-
violet irradiation. In addition, the presence of radicals at room 
temperature produced from the irradiation of cystine has been 
demonstrated by Azizova (14). It has also been reported that 
• 0 
ultraviolet irradiation at 2537 A creates cysteine-like radicals 
from collagenJ these radicals are stable under nitrogen but are 
p 
quenched by oxygen, with the concurrent generation of a new 
radical (109) • 
2. Energy Transfer Mechanisms Among:Arornatic Residues 
Disulfide bond rupture may also occur with great efficiency 
and in a highly specific manner via energy transfer mechanisms: 
several mechanisms have been proposed and are discussed below. 
The conduction band model of energy transfer assumes that 
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the regularity of protein structure, due to hydrogen bonding, 
would impart semi-crystalline properties to the macromolecule (61, 
198). This hypothesis is based on the premise that ultraviolet 
light promotes an electron to an energy level that is character-
istic of the protein as a whole. This energy level is called the 
conduction band. 
As the electron travels within the conduction band it may 
reach a location in the structure for which the probability of 
reaction is great by virtue of steric and/or thermodynamic reasons. 
A specific disulfide bond may fulfill the requirements noted above 
and the energy of the localized electron may be used up by 
promoting a chemical reaction. 
Although this is a rather popular hypothesis it should be 
noted that the energy levels associated with the absorption 
spectra of the proteins in question do not possess sufficient 
energy to promote an electron into such a conduction band. 
In a related model, Frenkel {71) has proposed that the energy 
associated with ultraviolet quanta moves throughout the conduction 
, 
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band of the macromolecule not as a discrete particle as mentioned 
in the preceeding hypothesis, but instead moves as a unit of 
excitation energy, called the exciton. Vfuen the exciton reaches 
an amino acid residue of high reactivity it is dissipated by 
reaction at the site of this particular amino acid. As in the 
previous model, this exciton hypothesis assumes a rather rigid 
protein structure not generally found in macromolecules. 
An alternative view of energy migration and one for which 
much experimental evidence has been generated is the resonance 
transfer hypothesis (68,69,179). In this scheme light absorbed by 
an aromatic residue may be transferred by dipole-dipole inter-
action to another aromatic residue. 
The requirements of such a process are that: the energy 
donor must be fluorescent, the fluorescence emission spectrum of 
the donor must overlap the absorption spectrum of the acceptor, 
and the donor-acceptor pair of amino acid residues must lie close 
enough and also be favorably oriented towards one another in 
space for the transfer of energy to occur. The transfer is 
assumed to take place before simple fluorescence o"i' the donor can 
occur. 
In RNase, Augenstein (12,79) has pointed out that both 
1 Phenylalanine to tyrosine and tyrosine to tyrosine transfers of 
ultraviolet excitation energy may take place. The probability 
of chemical reactions occurring at certain disulfides is therefore 
enhanced for those disulfides which are adjacent to tyrosine 
residues, since excitation energy may be transferred to an aromatic 
JP $1 
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residue adjacent to the disulfide. Such a localization of energy 
maY account for the reported specificity of ultraviolet light in 
disrupting preferentially certain cystine residues. 
However, even if the transfer of energy between aromatic 
residues is disregarded, cystine disruption is apparently enhanced 
in the presence of tyrosine (54). An equation has been derived 
(54) for the efficiency of ultraviolet-induced enzyme inactivation 
which includes a factor which accounts for the disruption of 
cystine residues due to ultraviolet energy absorbed by aromatic 
amino acid residues. For several proteins this equation agrees 
reasonably well with the experimentally determined values. 
Recently, it has been shovm that oxidized glutathione and dithio-
glycolic acid effectively quench tyrosine fluorescence (5). From 
these observations it may be concluded that some energy transfer 
and/or chemical interaction occurs between excited tyrosines and 
cystine in proteins during irradiation. The specificity of 
ultraviolet light to promote the disruption of particular disul-
fide bonds, presumably those adjacent to tyrosines, can be thus 
further appreciated. 
3. Energy Transfer From Aromatic Residues to Cystine 
The nature of the interactions that may take place between 
excited tyrosine residues and cystine residues in RNase remain to 
be described in relation to cystine disruption and the possible 
' formation of photoproducts. 
Several reactions are possible which may lead to enzyme 
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inactivation. These alternatives are inferred from the known 
products of the ultraviolet irradiation of tyrosine in solution. 
specifically, the production of phenoxyl radicals and hydrated 
electrons upon the irradiation of free tyrosine has been estab-
lished by EPR (14,15,150) and spectroscopic techniques (2,80,180). 
One hypothesis is based on the assumption that the solvated 
electron that is produced by photo-ejection may react with a 
disulfide bond. Since the solvated electron has a high diffusion 
coefficient (35) it may move over considerable distances so that 
the spatial separation of aromatic and disulfide residues rr.ay not 
be a crucial factor in determining the probability of interaction 
between these residues. This hypothesis is strengthened by the 
demonstrated preferential interaction of solvated electrons with 
the cystine residues of RNase (34,35). 
Another likely possibility is that cystine residues may 
react with the hydrogen atoms formed from the combination cf an 
electron and the proton which is photo-dissociated from tyrosine 
during the formation of the phenoxyl radical noted above. It has 
been shovm that when a reducing agent such as hydrogen atoms in 
aqueous solution reacts with RNase, the enzyme is partially 
inactivated by one reducing equivalent (162). In this sytem up 
to ten amino acids may be modified and of these, cystine residues 
appear to be modified to the greatest extent. Further radical 
reactions beyond the initial interaction enhance the yield of 
inactivation. Furthermore, hydrogen atoms which have been 
Produced electrochemically have been shovm to react preferentially 
p 
with the disulfide bonds of trypsin (129). 
Alternatively, Augenstein (12,79) has suggested that ultra-
violet irradiation may elevate tyrosine to an excited singlet 
state and from this state tyrosine may pass into an excited 
triplet state. In this excited triplet state hydrogen atom 
donation may occur to the adjacent cystine. Disruption of the 
cystine would thus result in the formation of a R-SSH or R-SH 
grouping. 
Finally, Cowgill postulates a singlet vibrational transfer 
24 
of energy from an ultraviolet light-excited tyrosine residue to an 
adjacent cystine (46) and simultaneous rupture of the disulfide 
bond. 
4. Formation of Stable End-Products 
After the initial photoinactivating event between tyrosine 
and cystine secondary reactions may be responsible for the 
formation of stable end-products. 
The reactivity of the phenoxyl radical apparently depends 
upon the experimental conditions. In an atmosphere of oxygen, 
peroxide radicals are probably formed from the aromatic free rad-
icals (151). These peroxides may be intermediates in the reported 
formation of dihydroxyphenylalanine from irradiated tyrosine (6) 
and pepsin (101). In the case of proteins, the usual degassing 
Procedures may not be sufficient to remove completely adsorbed 
I 
oxygen so the formation of oxidation products may not be ruled out 
When irradiation is performed in an inert atmosphere or in vacuum. 
. + 
" 
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Furthermore, solvated electrons or the phenoxyl radical may 
react with aqueous solvents to form secondary radicals that 
eventually react with amino acid residues to yield products of 
higher oxidation states. Such solvent-induced secondary reactions 
would tend to be less specific than reactions occurring at the 
initial site of absorption of ultraviolet energy, and in fact, may 
be similar to reactions mediated by high energy ionizing radiation. 
In addition, an independent process, which takes place even 
in the absence of oxygen, may compete with the oxygen-dependent 
process for the intermediate radicals produced during ultraviolet 
irradiation of aromatic amino acids. Apparently, for the case of 
L-tyrosine irradiated at 280 nm in solution, intermediate radicals 
may dimerize and form bityrosine residues, identified on the basis 
of fluorescence characteristics (197). The structure of bityrosine 
is shown in (III) • 
OH 
QH2~ 
NHz-Q-· C-OH 
H 
(III) 
In the case of proteins, irradiated RNase has been shown to 
exhibit a fluorescence spectrum similar to that of the presumed 
bityrosine photoproduct obtained from tyrosine (197). In fact, 
for one polypeptide, poly-L-tyrosine, bityrosine has been ident-
ified among the products of the acid hydrolysate of ultraviolet 
i:rradia ted poly-L-tyrosine (113) • 
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It appears that the chemical nature of the stable photo-
product depends on many factors and the most obvious, of course, 
are the experimental conditions during the irradiation procedure 
and the post-irradiation treatment of the protein. However, a 
subtle factor, namely the native protein conformation, may be of 
importance in this respect as well. In order to evaluate the role 
that the protein conformation may play in determining the chemical 
nature of the stable photoproduct, several other polypeptides were 
irradiated. These were oxidized RNase, poly-L-tyrosine, lysozyme, 
enolase, trypsin, BSA, and pepsin. 
I. COMPARISON BETWEEN THE EFFECTS OF ULTRAVIOLET IRRADIATION OF 
PROTEINS AND THE HIGH-ENERGY IRRADIATION OF PROTEINS 
A-comparison between the effects of ionizing radiation and 
ultraviolet radiation on RNase is included (Chapter IV) for the 
reasons given below. 
The inactivation of biologically active proteins, and RNase 
in particular, which results from high-energy radiation is accom-
panied by widespread conformational and chemical changes 
(Section A). However, these alterations appear to occur indis-
criminately, and as a result, the underlying molecular mechanisms 
of inactivation are difficult to assess. In contrast, the 
generally specific nature of the changes induced by ultraviolet 
may provide a mode~ for evaluating the effects of high-energy 
radiation on RNase. 
CHAPTF,q II 
l'MTERIAlS, PROCEDURES, AND EXPERHT.ENTAL METHODS 
A. METHODS 
1. Chemicals 
The following were used as received without further purifi-
cation. 
N-acetyl-1-tyrosinamide Crystalline, lot ll?B-1730, Sigma 
Chemical Company 
Amido-Black Dye 
Bovine Albumin, Fraction V Powder, lot 98, Pentex Chemical 
Company 
Chymotrypsin, Worthington 
L-Cysteine Hydrochloride, lot 2367, Sigma Chemical Company 
Cytidine 2',J'-cyclic monophosphoric acid (sodium salt), lots 
40C-0200 and 488-1810 
Dithionitrobenzoic acid, lot 121191, Aldrich Chemical Company 
Dithiothreitol, A Grade, lot 60156, Calbiochemicals 
Enolase, Sigma Chemical Company 
Insulin, Recrystallized B Grade, lot 504090, Calbiochemicals 
Lysozyme, Worthington 
N:.ercaptoethanol, Eastman-Kodak 
Pepsin, Twice Crystallized and L~rophilized, lot 6913-2000, Sigma 
Chemical Company 
Poly-L-Tyrosine, control #Ty 68, ;.'iles-Yeda 
Protamine•P04, lot 114B-8560, Si~ma Chemical Company 
Ribonuclease, Three-Times Crystallized, lot 283-1660, Sigma 
Chemical Company 
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Ribonuclease A, Lyophilized, lot 49B-804J, Sigma Chemical Company 
sodium Dodecyl Sulfate, lot lOSB-0100, Sigma Chemical Company 
Sodium Phosphate, dibasic, lot 7917, Mallinckrodt 
Tris (Hydroxymethyl) Aminomethane, Primary Std., lot 795155, 
Fisher Chemical Company 
Trypsin, Twice Crystallized, lot TRSF-7GA, Worthington 
urea, ultra-pure, Mann 
All other reagents were Analytical Reagent (AR) quality. 
2. Analytical Instruments 
Beckman TM Analyzer, Beckman Instruments 
Cary 15 Recording Spectrophotometer, Cary Instrument Company 
·nurrum-Jasco ORD/CD/UV-.5 Recording Soectropolarimeter and SS-10 
Modified Recording Spectropolarimeter, Durrum Instrument 
Company 
Mosley fl.!odel 7035B X-Y Recorder, Hewlett-Packard Corporation 
Technicon Autoanalyzer, Technicon 
B. PROCEDURES 
1. Circular Dichroism 
Circular dichroism spectra were obtained with a Durrum-Jasco 
ORD/CD/UV-5 Recording Spectropolarimeter. Differences in the 
extinction for right and left circularly polarized light, 
(E1-ER, or A A absorbance) were recorded versus wavelength. The 
circular dichrois~ spa.le was standardized immediately prior to use 
With a Bolution of d-10 camphorsulfonic acid obtained through the 
courtesy of the Durrum Instrument Company. The standard solution 
.. 
at a concentration of 1.0 mg/ml has an (EL-ER) or +0.0093 at the 
wavelength of the maximum, 290 nm, in a 10 mm pathlength cell. 
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The standard solution thus caused a 9.3 cm deflection on a 20.0 cm 
full scale recorder on the least sensitive scale or the instrument, 
0.01 6. absorbanoa/10 cm. The maximum sensitivity was 0.002 
bA/10 cm. For a later series of measurements the spectropolar-
imeter was adjusted so that the seneitivity was increased by a 
factor of two. In this case, the CD was standardized on the second 
least sensitive scale. The maximum sensitivity was 0.001 6 A/10 cm. 
Most CD measurements, however, have been carried out on the 
SS-10 modified spectropolarimeter (Spraoul Scientific Instrument 
company, Boulder, Colora~o). As a result of this modification, the 
sensitivity of the instrument was increased 40% and instrument 
noise reduced approximately three-fold. The CD scale was stand-
ardized in degrees or ellipticity per centimeter (one degree of 
ellipticity equals O.JOJ 6 absorbance). The spectropolarimeter 
is calibrated on the scale sensitivity of 0.02 deg./cm. A 
deflection of 156.; mm is obtained using a standard solution of 
313 m0 • 
In the near ultraviolet region from 370 nm to 240 nm, 
highly polished, clear fused quartz cells were employed. All 
cells, including those used in the far ultraviolet region, were 
obtained from the Opticell Company, New Jersey. At a sensitivity 
scale of 0.002 6 absorbance/10 em, one centimeter pa.thlength 
• 
Cells were normally employed while cells with paths of 5 mm or 
less were used in conjunction with the 0. 001 6. absorbance/10 cm 
p 
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and 0.002 deg.fem scales. In general, the absorbance of the 
sample solution was never allowed to exceed two OD units. To 
avoid ultraviolet light absorption by air-oxygen, dry nitrogen was 
flushed through the optical system, including the cell compartment. 
The slit width was automatically programmed. Chart speed never 
exceeded three nanometers per minute. 
Far ultraviolet CD spectra were recorded from 240 nm to 
195 nm in cylindrical cells (0.10 mm pathlength). The slit width 
was generally 2 mm throughout this region. In the region below 
240 nm especially, air must be excluded by vigorous gas purging. 
Because of generally unfavorable signal to noise ratios at the 
lower wavelengths it is necessary to reduce scan speed to 0.5 nm/ 
min and greatly decrease the time constant. In many instances, 
repetitive scans were performed. 
For experiments performed at temperatures below 27°c. a 
jacketed cell compartment was used (Cary Instrument Company) 
through which coolant was forced by a Lauda-Brinkman Circulator 
(Brinkman Instruments). The temperature was recorded with a 
Telethermometer (Yellow Springs Instrument Corporation) placed 
directly in the solution. High gas flow with dry nitrogen was 
employed to prevent water condensation. 
The molar ellipticity [e] MRW was calculated from formula (a) 
or (b), as appropriate depending on the expression of the CD 
scale sensitivity • 
• 
EL-ER is the difference in absorption for left and right circu-
1arlY polarized light, 1 is the pathlength in centimeters, c is 
the molar concentration, and 33 x 102 is a constant. 
(b) (eJMRW = 100 x e 
1 x c 
e is the observed ellipticity in degrees, 1 is the pathlength in 
-
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centimeters, £ is the molar concentration, and 100 is a constant. 
rn formulas (a) and (b} the concentration is expressed on a mean 
residue weight basis (MRW). The mean residue weight is obtained by 
dividing the molecular weight of the protein by the number of 
amino acid residues. In the calculation of mean residue ellip-
ticity the following mean residue weights were employed: 
ribonuclease 110 
trypsin 107 
chymotrypsin 104 
pepsin 103 
lysozyme 112 
insulin 112 
In cases where the exact protein composition is unknown, a mean 
residue weight of 110 was employed, since the MRW of most proteins 
tend to distribute around this value. The MRW for N-acetyl-L-
tyrosinamide is the molecular weight, 222. For poly-L-tyrosine, 
a mean residue weight of 163, corrected for the loss of one 
molecule of water upon formation of the peptide bond, was employed. 
[eJ MRW is expressed in degrees x cm2 x decimole -l. 
2. Irradiation Procedure 
• 
Irradiations were performed in a Rayonet irradiation chamber 
(Southern New England Ultra-Violet Company). The source of the 
ultraviolet light is an essentially monochromatic mercury vapor 
0 
iamp(s) with maximal emission at 2537 A. The intensity of 
12 3 0 
emission is 1.65 x 10 photons/sec/cm at 2537 A. The lamp{s) 
0 is pre-conditioned for thirty minutes at 3 c. before each exper-
iment. A blower situated below the lamp provides for uniform 
temperatures in various parts of the chamber. Irradiation tubes 
were fastened in a turntable and rotated past the source at a 
distance of 2 cm. Each solution was stirred as it passed over a 
fixed magnetic stirrer placed below the turntable. The rotating 
turntable with experimental solutions, lamp, and stirrer are 
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located within a polished aluminum reflecting well, thus increas-
ing the efficiency of the lamp. The duration of the exposure of 
the samples to the ultraviolet light was accurately determined with 
a stop-watch. 
Irradiations were performed using one lamp except for 
experiments with poly-L-t:yrosine in which case six lamps were 
employed. The single lamp was situated in such a way so that each 
irradiation tube was stirred immediately prior to passing the lamp. 
In cases where several lamps were employed a uniform ultraviolet 
flux was provided by distributing the lamps equidistant from each 
other around the inside perimeter of the irradiation chamber. 
J. Amino Acid Analysis 
Automated amino acid analyses were performed according to the 
4 
method of Moore, Spackmant and Stein (13.J,1?5) as modified by the 
Technicon Instrument Company for use with their analyzer. The 
p 
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essential component of the analyzer is a 150 cm column packed with 
finely pulverized, 8% cross-linked sulfonated polystyrene resin. 
The column is prepared for operation by equilibration with sodium 
citrate buffer at 6o0 c. and at pH 3.25. 
The chromatographic behavior of amino acids on columns of 
polystyrene can be varied by changes in the pH and the ionic 
strength of the buffers. The RNase hydrolysate, dissolved at pH 
2.2 in 0.2 M sodium citrate buffer, is applied to a sample cart-
ridge and loaded on the sample tray. At pH 2.2, all the amino 
acids are retained, while at pH 5.0 all of the amino acids except 
the basic ones move rapidly. Since the determination of the 
relative change in the content of tyrosine before and after irrad-
iation was of greatest importance, only the 150 cm column was 
employed and amino acid recovery data were not obtained. The 
initial buffer at pH J.5 is followed by buffer at pH 4.25. At the 
end of this cycle the separation of all the acidic and neutral 
amino acids is accomplished. The buffers are pumped at a rate of 
approximately 1 ml/min throughout the procedure. 
The effluent stream is met by a capillary stream of ninhydrin 
reagent under a pressure slightly above atmospheric pressure. The 
color is developed by passing the mixture through capillary tubing 
of Teflon immersed in a water bath at 90°c. r_i:he absorbance of the 
resulting solution is measured continuously at 570 nm and 440 nm 
as it passes through an appropriate flow cell. The absorbances 
are recorded directly versus time. From this plot effluent 
volumes can be calculated. 
r J4 
4. Circular Dichroism-Temperature Profiles 
The system for recording the CD-temperature profiles of 
irradiated and native RNase was originally developed in this 
laboratory (118) for use with the Durrum-Jasco ORD/CD/UV-5 
Recording Spectropolarimeter. 
The heating assembly is composed of an electrically heated 
sample chamber, automatic temperature programmer, and temperature 
bridge connected to a platinum probe. The probe measures the 
sample temperature. The spectropolarimeter pen position is 
indicated on the Y axis of an X-Y recorder (Hewlett-Packard Corp-
oration) and the sample temperature on the ! axis. 
Native RNase solutions were placed in the cell compartment 
and allowed to equilibrate at the starting temperature. Irrad-
iated RNase solutions were maintained at 3°c. under Argon until 
immediately before the circular dichroism-temperature profiles 
were recorded. Cold solutions of the irradiated enzyme were then 
transferred via pre-chilled pipettes into a pre-equilibrated cell. 
The lid of the sample compartment was only loosely fastened in 
order to avoid optical artifacts due to pressure-induced strain at 
elevated temperatures. At 325 nm, 275 nm, and 239 nm, a 5 mm 
pathlength cell was used with CD scale sensitivities of 0.002, 
0.005, and 0.01 deg./cm, respectively. At 220 nm a 1.0 mm cell 
was used at a CD scale sensitivity of 0.002 deg./cm. Neither the 
butter nor the cella exhibited any CD-temperature dependency. The 
rate of heating was 1.4 degrees/minute. 
The CD spectra recorded at 70°c. and 90°c. were obtained by 
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halting the program of the automatic temperature programmer at the 
desired temperature after disengaging the input to the ! axis of 
the recorder and obtaining the CD spectra as usual. The cooling 
curve was obtained by disengaging the temperature programmer and 
recording the CD at a single wavelength as the temperature 
returned to the initial program point. The cooling process was 
generally complete within one-half hour. 
C. EXPERIMENTAL METHODS 
la. Preparation of Ribonuclease Solutions 
Lyophilized RNase A containing 0.014 mole % phosphate was 
used for most experiments. Solutions were prepared by weight in a 
volumetric flask at a concentration of 0.18%. The molar concen-
tration was precisely determined in the appropriate buffer at 278 
nm, the wavelength of the maximum absorption, using an extinction 
coefficient of 10,000 (obtained through the Technical Services 
Division, Sigma Chemical Company). In several experiments three-
times crystallized RNase was employed and a molar extinction 
coefficient of 8800 at 278 nm was used. All proteins were stored 
below o0 c. over phosphorous pentoxide in a dessicator. 
lb. Preparation of Solutions of NACTA, Poly-L-Tyrosine, 
and Several Proteins 
N-acetyl-1-tyrosinamide, poly-L-tyrosine, and several proteins 
'9ere irradiated under identical conditions to those described in 
Section B-2. Table I lists the compound, concentration, buffer, 
J6 
TABLE I 
PREPAHATION OF SOLUTIONS OF NACTA 1 POLY-L-TYROSINE 1 
A~m SEVERAL PROTEINS 
Name Cone. {mR",lml} Buff er Eli 
----
BSA 2.0 .01 M Na Phosphate 7.1 
Chymotrypsin 2.0 
.05 M Na Acetate 4.0 
Eno lase 1.2 
.01 M Na Phosphate 7.1 
Insulin 1.0 
.05 M Na Acetate 7.8 
Lysozyme 0.25 
.01 M Na Phosphate 7.1 
NACTA 0.2 
.1 Io/I r'Ia Phosphate 7.0 
Pepsin 2.0 
.01 M T\"a Phosphate 7.1 
Poly-L-Tyr 0.25 
.2 M l'!a Chloride 11.2 
Protamine • P04 4.0 
.01 M Na Phosphate 7.1 
Trypsin 2.0 
.01 M T\Ta Phosphate 7.1 
, 
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and " ps1. Each was prepared on a weight basis. 
2. Puritv of Ribonuclease 
Although the RNase A used in this study was of high purity and 
chromatographically homogeneous on carboxymethyl cellulose.-accord-
ing to the method of Taborsky (181) (Sigma Chemical Company), its 
electrophoretic pattern in starch and agarose was nevertheless 
investigated. Hydrolyzed starch gels were prepared at a concentra-
tion of 14% in 0.01 f':i sodium phosphate buffer, pH 6.5 at a thick-
ness of 2 mm. A strip of filter paper, 1 mm x 4 mm, was saturated 
with a 1% RNase solution, allowed to dry and embedded with tweezers 
in the starch gel. The electrophoresis was carried out at 3°c. for 
five hours in 0.05 M sodium phosphate buffer at 3 ma and 200 volts. 
After staining the electrophoretogram with Amido-Black 10B dye 
only one band could be detected. The electrophoresis was repeated 
under similar conditions using commercially prepared thin-gel 
agarose film (Turner). Again, only one band could be detected by 
the protein staining dye. 
3. Preparation of Ribonuclease Solutions for Irradiation 
Aliquots of the stock RNase solution, usually 2.3 mls, were 
introduced into clear-quartz irradiation tubes custom-fitted with 
a Teflon vacuum-tight screw valve. Each tube contained a micro-
Teflon stirring bar (Cole-Parmer) or a stirring bar made from 
glass capillary tubing and iron wire. A series of tubes were 
immersed in an isopropanol-ice bath and allowed to freeze. In 
p 
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later experiments, a cooling plate (Thermolyne) with an eight-hole 
custom-bored aluminum block was thermostated to -20°c. to freeze 
' the solutions. After freezing, the tubes were attached to a 
vacuum manifold and degassed concurrently with a ·welch Duo-Seal oil 
compression vacuum pump. The resulting pressure was indicated by 
an in-line McLeod Gauge (Scientific Products) and was usually· in 
the range of 0.001 to 0.005 mm/Hg. After evacuation, the tubes 
were allowed to slowly return to room temperature so that the : ~- :_ . 
freeze-degas-melt procedure could be repeated once or twice more. 
This process was generally completed within two hours. After the 
final degassing, Argon (99.99·h pure) was allowed to enter the tubes 
at one atmosphere pressure at room temperature. 
In some experiments, Argon was introduced into the tubes 
after the first degassing and subsequently removed. This was 
repeated, as above, until the tubes were finally sealed under Argon. 
The tubes were allowed to equilibrate at 3°c. for thirty minutes 
before irradiation was begun. 
4. Determination of Enzyme Activity 
Enzyme activities were determined before and immediately 
after irradiation by the method of Crook, ~athias, and Rabin (48). 
The difference in absorption between synthetic cytidine 2',J'-
cyclic phosphate and the product of hydrolysis of this substrate, 
cytidine J'-phosphate is measured at 284 nm, The reaction mix-
ture contained 2.4 ml of Tris buffer, pH 7.1 (I=0.2), 0.25 ml of 
substrate, and 0.02 ml of RNase. The final concentration of 
f' 39 
cytidine 2',J'-cyclic phosphate (prepared as a stock solution in 
Tris buffer, pH 7.1, I=0.2) was 0.1 mg/ml, and the enzyme concen-
tration was 13 ug/ml. Immediately after irradiation 20 ul of 
enzyme was normally pipetted into a test tube containing buffer 
and substrate. The mixture was rapidly agitated in a Vortex 
mixer for fifteen seconds, immediately transferred to a 10 mm 
Beckman Fused Silica Cell, and placed in the sample compartment of 
the spectrophotometer. Absorbance readings versus time were deter-
mined at once. The reference solution was identical to the exper-
imental solution except that buffer was substituted for the enzyme. 
Enzymic activities were calculated from the initial velocity of the 
hydrolysis, i.e., change in absorbance at 284 nm per 200 seconds, 
and are expressed relative to an unirradiated control. 
5. Determination of Sulfhvdryl Groups 
The concentration of sulfhydryl groups in irradiated RNase 
was determined by the colorimetric method of Ellman (58). At 
pH 8.0, Ellman's reagent, dithionitrobenzoic acid (DTNB), forms a 
yellow product as a result of reaction with the sulfhydryl anion. 
The reaction is diagrammed below (IV)a 
Prot-s- + ~-.Q-No2.----~ Prot-ss-Q-No2 
'coo- 'coo-
+ (IV) 
poo-
-s-Q-No2 (yellow) 
The reagent was prepared by dissolving J9.6 mg of 5,5'dithiobis 
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(2-nitrobenzoic acid) in 10 ml of sodium phosphate buffer (I=0.1) 
at pH 7.0. The container was enclosed in aluminum foil in order to 
prevent any light-induced deterioration of the reagent. 
In the present study a modification of the Ellman procedure 
was employed in which sodium phosphate buffer (pH 8.0) was sub-
stituted for distilled water and the total reaction volume was 
reduced approximately 80% from the original procedure. The 
reaction mixture contained 1.5 ml of sodium phosphate buffer, pH 
s.o (I=0.1), 0.2 ml of reagent, and o.45 ml of irradiated (1.J x 
10-4 LJ) protein at pH 7 .o. The final enzyme .. concentration was 
2.7 x 10-5 Mand that of the reagent, 9.3 x 10-4 M. In this 
modified procedure the substitution of buffer for water ensures 
that the correct pH will be maintained even upon the addition of 
acidic test solutions. The protein solution was always added last 
to prevent any re-formation of disulfide bonds. 
Upon agitation the mixture was transferred to a low volume 
10 mm Beckman cuvette and the absorbance measured at 412 nm. The 
time required for maximal color development was one hour. A 
correction for reagent absorption at 412 nm was applied for all 
samples. 
Although sulfhydryl concentrations may be calculated from the 
known extinction coefficient of the yellow product, a standard 
curve using L-cysteine solutions was prepared. The reaction of 
Ellman' s Reagent wi ~h standard solutions of 1-cysteine is shovm in 
':I• 
rig. 3. The absorbance of the reaction mixture at 412 nm is a 
linear function of the thiol concentration. 'I·his calibration plot 
l•:J 
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Fig. 3. Absorbance at 412 nm of standard L-cysteine 
solutions after reaction with Ellman's reagent. Reaction carried 
out in sodium phosphate buffer, pH 8.0 (I=0.1), at a final reagent 
concentration of 9.3 x 10-4 M. Cell pathlength is 10 mm. 
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iS employed directly in determining the concentration of sulf-
hydryl groups in aliquots of irradiated RNase. The construction 
of a standard curve using cysteine concentrations similar to those 
of the irradiated protein to be tested ensures that the absorbance 
is directly proportional to the concentration in the range of 
interest. The concentration of sulfhydryl groups in irradiated 
RNase was determined from a plot of absorbance at 412 nm versus 
standard thiol concentration. 
6. Oxidation of Ribonuclease 
The oxidation of !Z~Jase was carried out using performic acid 
at low temperatures (91). Performic acid was prepared by adding 
0.5 ml of fresh 3oc;; hydrogen peroxide (T.1erck Superoxol) to 9.5 ml 
of 97% formic acid (Baker). The solution was mixed, sealed, and 
allowed to stand at room temperature for two hours before use. 
In another test tube 22 mg of lyophilized RNase were completely 
dissolved in 0.5 mg of 97% formic acid. Both the performic acid 
and the protein solution were equilibrated for thirty minutes at 
-10°c. with 0.1 ml of anhydrous methanol added to prevent freezing. 
Constant low temperature was maintained with a cooling plate 
(Thermolyne) fitted with an aluminum test tube holder. The cooled 
performic acid was added to the RNase solution and rapidly mixed. 
The reaction was allowed to proceed for 2.5 hours at -10°c. 
Under these condit~ons cystine is converted to cysteic acid and 
methionine to the corresponding sulfone. At the end of the 2.5 
hour·p~ribd, ~he mixture was added to 35 ml of ice-cold, distilled, 
, 
deionized water and the reaction tube rinsed with an additional 
amount of ice-cold Tt,,ater. The diluted solution was immediately 
shell-frozen and lyophilized. The lyophilization was repeated 
after addition of another 5 ml of ice-water and the dry protein 
was stored below o0 c. until used. The oxidized protein was 
comnletely inactive in a standard RNase assay. 
7. Absorption Spectra 
The ultraviolet absorption spectrum of Rl'Tase and the 
compounds in Table I was obtained before irradiation and immed-
iately after irradiation in a Cary 15 spectrophotometer. For 
RNase and the other proteins, the spectra were obtained with a 
5 mm pathlength cell. The spectra of poly-L-tyrosine was 
obtained in a 2 mm cell. 
8. Snectrouhotometric Titrations 
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RNase was both irradiated and titrated at a concentration of 
1.3 x 10-4 Min 0.02 M KCl at pH 7.1. Immediately after irrad-
iation the protein solution was transferred to a beaker and the 
pH continuously monitored as concentrated acid and base were added 
to the stirred elution. After a knovm volume of titrant was added, 
the absorbance (of each aliquot) at 295 and 290 nm was recorded in 
a 2 mm cell versus a reference cell containing 0.02 M KCl solution. 
Subsequently, the aliquot was returned to the titration vessel and 
the procedure repeated. The pH was measured with a Corning 
Research r.1odel pH meter. The meter was frequently calibrated with 
r 
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standard Corning buffers at pH's 4.o, 7.0, and 10.0. To eliminate 
possible thermal effects, the stirrer was driven by forced air • 
• Above pH 12.2, it is known that the ionization and therefore 
spectral change are time-dependent (163) due to the alkaline 
denaturation of the protein. Near this pH therefors, measurements 
were made for several time intervals between T=O and T=20 minutes. 
The time elapsing between the initial addition of titrant and the 
measurement of the absorbance was determined by a stop-watch for 
each point. The logarithm of the absorbance was plotted versus 
time and the absorbance at T=O was obtained by extrapolation. A 
typical semi-log plot of absorbance versus time is shown in Fig. 4 
for native RNase. 
Although the titrant was added in microliter quantities, the 
data are corrected for RNase dilution. The molar extinction 
coefficient was calculated from the absorbance, light path, and· 
protein concentration. Both the titration and spectral measure-
ments were performed at room temperature. The results at both 295 
nm and 290 nm were in agreement, and therefore, only the data at 
290 nm are shown. 
9. Ribonuclease Hydrolysis for Amino Acid Analysis 
Aliquots of JOO ul of native or irradiated RNase were added 
to 5 ml of triple-distilled, constant-boiling HCl. The final 
concentration of protein was approximately 0.1 mg/ml. In order to 
avoid losses of aromatic and sulfur containing amino acids by 
oxidation, a one hundred-fold molar excess of both aqueous 88% 
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Fig. 4. Logarithm of the absorbance (290 nm) of native RNase 
at pH's greater than 12 plotted as a function of time. Absorb-
ance values extrapolated to T=O at each pH. (a) pH 12.2, (b) pH 
12.4, (c) pH 12.7, and (d) pH 13.0. Native RNase at a concentra-
tion of 1.3 x 10-4 M in 0.02 M KCl at the pH's indicated. Cell 
nathlength is 2.0 mm. 
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phenol and thiodiglycolic acid was added. These protective 
compounds were added in microliter quantities with no significant 
change in HCl normality. Hydrolyses were carriea out in thick-
walled, glass tubes evacuated at room temperature to approximately 
0.001 to 0.005 mm/Hg. To avoid foaming, hot air was blovm to the 
neck of the tube to break air bubbles as.they rose. The tubes 
were shaken several times to remove possible traces of remaining 
air and then sealed under vacuum. Hydrolyses were performed at 
109-110°c. for 22 hours in a convection oven. 
After hydrolysis, the tubes were cooled and immediately 
opened. The HCl was removed by distillation under reduced 
pressure. The residue was repeatedly rinsed with water and flash 
evaporated until the odor of HCl could no longer be detected. 
Sodium citrate buffer (1 ml, 0.20 M) at pH 2.2 was added and the 
residue was allowed to dissolve overnight. Aliquots of 200-300 pl 
of the hydrolysate, representing 100-150 pg of RNase, were applied 
directly to the sample cartridges of the amino acid analyzer. 
, 
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CHAPTE~ III: RESULTS 
A. RELATION BET'':'EE1'; El\TZYf.'!IC ACTIVITY Al\fD IRRADIA·:rION TI.r:TE IN 
RIBOlVUCLEASE 
The relation between the change in the enzymic activity of 
R~rase and extent of irradiation (min) at 3°c. is shown in Fig. 5. 
The percent original activity of irradiated RNase is determined 
relative to the enzymic activity at room temperature of an unir-
radiated control. In this figure, then, the logarithm of percent 
original activity is plotted versus minutes of irradiation. In 
this logarithmic plot the activity of the enzyme appears to de-
crease linearly with irradiation time, A similar exponential 
relationship between inactivation of RNase and dose of ultraviolet 
light at 254 nm has been reported previously (5, 37, 122, 160). ·· 
On the assumption that the enzyme receives a constant flux 
of ultraviolet light, the extent of irradiation may, where 
necessary, be expressed as the incident dose, which is the product 
of the intensity of the light source and time. Under the condi-
tions of irradiation used in the present studies (Chapter II, CJ) 
a loss of 50% of the original RNase activity occurs approximately 
within 1J5 minutes. 
The exponential relationship observed in Fig. 5 for the 
ultraviolet inactivation of RNase is also observed in some other 
proteins {160) and it is characteristic of first-order reactions. 
This relationship may be expressed as: 
N -kD 
-= e 
No 
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Fig. 5. The relation between the loss of RNase activity and 
.. 
length of irradiation. RNase irradiated at a concentration of 
l.3 x 10-4 M in 0.1 M sodium phosphate buffer, pH 7.0, at 3°c. 
where N equals the number of inactivated molecules, No equals the 
number ~f original active molecules, e is the base of the natural 
. . . logarithm, k is a photochemical constant specific for RNase, and 
D is the dose. Therefore, N0-N/N0 x 100 corresponds to the per-
-
cent of the original active molecules remaining at the end of a 
specific length of irradiation. 
The rate of loss of activity described by such an equation 
implies that the inactivation of RNase under the experimental 
conditions used in the present study is a uni-molecular process. 
For such a first-order reaction ~he concentration of RNase mole-
cules, at any given time, maintaining full enzymic activity is 
pro:portional to the initial RNase concentration. The concentra-
tion of active RNase molecules at any time is also an exponential 
function of irradiation time, and therefore, under a constant 
ultraviolet flux, the concentration of active RNase molecules is 
dependent on the product of time and ultraviolet intensity, or, 
dose. 
The linear relationship obtained between the logarithm of the 
fraction of active molecules and irradiation time indicates that a 
quantum of light completely inactivates one molecule of RNase. 
However, for reasons which will be discussed in a later section 
such an interpretation must be modified to include the effects of 
a variable number of molecular processes accompanying inactivation. 
B. SULFHYDRYL CONTENT OF IRRADIATED RIBOl'TUCLEASE 
The sulfhydryl content of ultraviolet irradiated RNase 
obtained by titration with Ellman' s reagent (Chapter II, C5) · 
~aries with the degree of inactivation of the enzyme as shown in 
" pig. 6. In this figure, the number of moles of -SH per mole of 
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ribonuclease is plotted versus enzymic activity. The sulfhydryl 
content appears to increase linearly with increasing inactivation 
for RT'Jase maintaining as little as 35% of the original activity, 
which was the most highly inactivated RNase employed in these 
studies. 
A similar linear relationship between thiol production, 
determined by parachloromercuricbenzoate (PCMB) titration, and the 
loss of enzymic activity has been previously reported for both 
ribonuclease A and trypsin {12). Specifically, a linear relation-
ship was observed for crystalline RNase irradiated in air at pH 
5.1 in 0.1 N sodium acetate and maintaining as little as 25~ of 
the original enzymic activity (79). At higher irradiation doses, 
however, it was also noted that the concentration of titratable 
sulfhydryl groups declines, apparently as a result of secondary 
reactions such as dethiolation. 
The present measurements were restricted within the region of 
enzymic activity for which the sulfhydryl content versus activity 
relation is linear in order to be certain that the sulfhydryl 
content was not influenced by opposing secondary reactions, or the 
destruction of sulfhydryl groups by ultraviolet-induced dethiola-
tion. 
The results of spectrophotometric titrations using Ellman's 
reagent indicate that irradiated RNase maintaining 50~ original 
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Fig. 6. Sulfhydryl content of irradiated RNase as a function 
of enzyrnic activity. R~rase irradiated at a concentration of 1.3 x 
-4 10 M in 0.1 M sodium phosphate buffer, pH 7.0, at 3°c. Sulf-
hydryl content of irradiated RNase determined with Ellman's 
Rea:gent {Fig. 3). 
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activity contains 1.1 mole of -SH per m.ole of RNase. It should be 
noted, however, that for each cystine disrupted upon RNase irrad-
I 
iation at pH 5.1 under air, normally only 1 to 1.1 thiol groups 
can be detected by reaction with Perm (12). Presumably, secondary 
reactions give rise to products in which sulfur is present at 
higher oxidation states and which are not therefore titratable 
with parachloromercuricbenzoate. It appears, therefore, that the 
amount of titratable -SH noted above corresponds to the disruption 
of one cystine residue. 
It should be further emphasized that the disruption of 
cystine residues does not appear to occur at random. Augenstein 
(79), using 14c labeling, has shown that ultraviolet irradiation 
preferentially disrupts one, or at the most two, specific cystines 
in RNase which has maintained 50~ of the original enzymic activity. 
On the basis of these experiments, the radiosensitivity of the four 
cystines found in RNase have been arranged in the relative order of 
10:3:3:1. 
The present results are therefore consistent with previous 
observations indicating that not all four cystine residues in 
m'rase A are essential for full enzymic activity, The disruption 
of one disulfide bond results in a loss of no more than 50~ of 
the original activity of lyophilized RNase. 
In a similar fashion, the reaction of thioglycolic acid with 
RNase (157) results in the disruption of up to tvw disulfide bonds 
and it is accompanied by the loss of 50% of the enzymic activity. 
Both the chemical reduction of cystine residues (157) in RNase and 
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the ultraviolet-induced reduction of cystine residues in RNase 
observed in the present study indicate that certain disulfide 
bonds in the RNase molecule are not essential for maintaining the 
conformation of the enzyme which is associated with enzymic activ-
itY• 
c. ULTRAVIOLET ABSORPTION SPECTRA 
1. Ultraviolet Spectra of Native and Irradiated Ribonuclease 
The ultraviolet absorption spectra of native RNase and irrad-
iated RNase are shovm in Fig. 7. The absorption speotrum of 
native RNase A is characterized by a maximum near 278 nm and a 
minimum near 251 nm. A small shoulder may be noted near 285 nm 
and a minor absorption tail extends to 340 nm. Similar spectra 
have been reported previously (95,120,187,193,202). 
The principal species absorbing below 270 nm which may cause 
the appearance of fine structure in the spectrum of RNase are 
phenylalanine residues (19, 9t~, 201). Tyrosine residues possess 
broad absorption in this region and are not likely to contribute 
to the development of fine structure. About 15% of the absorption 
at 254 nm is due to disulfide bonds. In the region between 270 nm 
and 295 nm the six tyrosine residues contribute about 93% of the 
absorption and disulf ides the remaining 7c:b ( 201 ) • The disulfide 
Chromophore is responsible for all absorption in native RNase at 
·• 
'lravelengths greater than 295 nm (95). 
As the above observations indicate the absorption bands of 
RNase receive contributions from various chromophores. In fact 
k • 
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Fig. 7. Ultraviolet absorption spectra of native and irrad-
iated RNase. native RNase, ---- irradiated RNase with 91% 
. . 
original activity, •••• 64%, • - 41%, and ++++ 24%. Ultra-
' violet spectra obtained immediately after irradiation. RNase 
concentration is 1.3 x 10-4 ! in 0.1 M sodium phosphate buffer, 
PH 7.0. Pathlength is 5.0 mm. 
studies carried out at 77° K. have indicated that the shoulder 
observed in the spectrum of native RNase at room temperature near 
. . 
285 nm may be resolved into three bands, corresponding to trans-
itions associated with three buried tyrosines and a single exposed 
tyrosine (95). The 278 run extremum has also been resolved into 
two components both originating from exposed tyrosines. 
Upon irradiation of RNase to 91% original activity the 278 run 
extremum of the native protein is increased slightly from 0.65 to 
o.67 absorbance units. A slight increase in extinction is also 
noted at wavelengths greater than 300 nm. Between 284 nm and 288 
nm the two spectra are superimposable. The intensification of the 
absorption below 250 nm and the resulting increase in overlap of 
the absorption of this short wavelength region with the 251 nm 
minimum ~ay account at least in part for the apparent increase in 
absorbance of RNase at 251 nm. 
A new absorption band with a maximum near 309 nm is visible 
in RNase maintaining 64% original activity. Also, the absorbance 
of the more intense band at 278 nm is increased to 0.76 absorbance 
units and overlaps the band centered near 309 nm. The 309 nm band 
is well-defined in RNase maintaining 24% original activity. At 
this level of enzymic activity the shoulder observed near 285 nm 
in native RNase appears near 281 nm and the 278 nm extremum is 
intensified to 0.93 absorbance units. An absorption minimum is 
noted near 254 nm and with intensity increased to 0.50 absorbance 
units. 
The increase in extinction at 278 nm upon irradiation of RNase 
has been attributed to the photo-oxidation of aromatic residues 
(17,110,127,128,164). The generalized increase in extinction 
observed at the lower wavelengths and to a lesser degree at all 
wavelengths examined may be partly due to light scattering by 
R!'Jase aggregates formed during irradiation (128). 
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2. The Dependence of the Ultraviolet Spectrum of Irradiated 
Ribonuclease Upon Time and Exposure to Atmospheric Oxygen 
The ultraviolet absorption spectra of aerated RNase maintain-
ing 2L~ 1~ original activity and obtained at several time intervals 
after irradiation are shown in Fig. 8. The spectrum obtained 
immediately after irradiation is characterized by two overlapping 
bands; one, which is also observed in native RNase, is centered 
near 278 nm and the other is a newly generated band with an 
apparent maximum near 309 nm. 
The 309 nm band exhibits an absorbance of o.64 units and the 
278 nm band an absorbance of 0,93 units which is 0.28 units higher 
than that of native RNase. A shoulder near 281-282 nm is observed 
in irradiated RNase which is apparently shifted from 285 nm, the 
position of the same shoulder in the native protein. An absorption 
minimum with an extinction of 0.5 absorbance units appears near 
252 nm. 
One hour following the irradiation of RNase the absorbance of 
the 309 nm band is increased to 0.84 units. The spectrum in the 
wavelength region from 275 nm to 285 nm exhibits a split band; one 
maximum is located in the same position at which the 282 nm 
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Fig. a. UV absorption spectra of RNase obtained at several 
time intervals post-irradiation. --- --- irradiated RNase.with 
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24~ original activity immediately after irradiation, ---- 1 hr. post-
irradiation, -- -- -- 2 hrs., and ---- 9 hrs. RNase solutions were 
exposed to the air after irradiation. RNase concentration is 1.J x 
10-4 M in 0.1 ! sodium phosphate buffer, pH 7.0. Pathlength is 5 mm. 
shoulder was previously noted and the second is apparently in the 
same position as the extremum noted previously at 278 nm. The 
282 nm maximum exhibits an absorbance of 1.04 'Units and it is 
therefore slightly nore intense than the 278 nm maximum. 
The spectrum obtained two hours after irradiation of RNase 
exhibits a 309 nm band with an absorbance of 0.93 units and a 
minimum near 252 nm with an intensity of 0.55 absorbance units. 
Furthermore, the spectrum in the 280 nm region is similar to that 
noted after one hour of irradiation except that the absorbance has 
increased further. Under these conditions the 282 nm maximum is 
found to be 0.01 absorbance units higher than the 278 nm maximum, 
which now appears only as a shoulder. 
The absorption spectrum ·of RNase stored in a cuvette for nine 
hours maintains in the region near 280 nm similar bimodal charact--
eristics. However, in contrast to the spectra noted two hours 
after irradiation th·e 27e nm maximum appears to have an absorbance 
greater than the 2132 nm maximum. The absorbances at these two 
maxima are 1.285 and 1.280 units, respectively. The significance 
of these changes in the relative absorption at 278 nm and 282 nm, 
however, are not apparent at this time. 
The 309 nm band no longer exhibits a discrete maximum after 
storing the solution in a cuvette for nine hours. In fact, a 
broad shoulder extending from 295 nm to longer wavelengths takes 
the place of the distinct 309 nm band. Because of disaggregation 
which may presumably occur upon standing, a portion of the 
apparent increase in absorbance due to light scattering by 
aggregates formed immediately after irradiation, and possibly 
during irradiation, no longer contribute significantly to the 
spectrum. • As a result of the increased absorbance and the width 
of the 278 nm band after standing for nine hours the )09 nm band 
remains obscured. It should be emphasized, however, that many 
details of the molecular processes occurring upon standing of 
irradiated RNase remain ill-defined at the present time. 
Although some indications that a band may be present near 
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300 nm in the absorption spectrum of irradiated RNase have been 
reported only recently (5), an overall increase in absorbance 
obtained immediately after irradiation of RNase has been previous-
ly noted by several workers (5,110,164). Apparently the absorption 
of the protein continues to increase slowly even after the irrad-
iation flux has been halted. These increases have been attributed · 
to the photo-oxidation of aromatic residues and tyrosine in par-
ticular (164). 
Specifically, it has been suggested (164) that photolysis of 
aqueous aromatic amino acids by ultraviolet light is initiated by 
the introduction of a second hydroxyl group into the benzene ring 
and the subsequent formation of a quinone type of structure. Such 
quinones may be further photo-oxidized by air. 
Irradiation of tyrosine in air is known to produce dihydroxy-
phenylalanine and other melanized degradative products (6,?,84,105, 
128,199). Although RNase solutions used in these studies were 
degassed and flushed with Argon, there may nevertheless be 
· sufficient oxygen adsorbed by the protein solution to allow the 
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participation of some photo-oxidative reaction in this system. 
The photoproducts formed from ultraviolet irradiated pro-
teins, however, are not necessarily identical 'to the products 
formed from the irradiation of free amino acids as noted above. In 
the case of pepsin, the expected product of the photolysis of the 
constituent aromatic residue~, dihydroxyphenylalanine, has in fact 
been isolated from ultraviolet irradiated pepsin (101). On the 
other hand, irradiation of poly-L-tyrosine produces a dimeric 
photoproduct, bityrosine, and a yellow pigment which degrades 
further upon exposure to air or light (llJ). 
The continuous increase in absorbance noted for several hours 
following irradiation of RNase may indicate that the chromophore 
responsible for the increase in absorbance at 278 nm immediately 
after irradiation may be further modified. - The apparent decrease 
in the intensity of the 309 nm band observed in RNase nine hours 
after irradiation may be due to lowered absorbances associated with 
derivatives of the chromophore responsible for the 309 nm band and 
may result as well from disaggregation. 
The formation of aggregates appears to be a general phenomenon 
accompanying the process of ultraviolet-induced denaturation of 
proteins (127,147). In irradiated RNase A at a concentration of 
approximately 1.81 mg/ml intermolecular disulfide bonds are likely 
to form from reactive sulfhydryl groups produced during irradiation 
(127). Such a conclusion is based on an earlier report which 
indicates that sulfhydryl groups produced upon chemical reduction 
of mrase preferentially form intermolecular disulfide cross links 
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during reoxidation at protein concentrations greater than 1.0 
mg/ml (59)• The molecular size of the aggregates may be heterog-
enous and the polymeric structure of such aggregates ill-defined. 
such aggregates are expected to scatter light and increase the 
apparent absorbance of the denatured protein in the near ultra-
violet region. 
D. CIRCULAR DICHROISM OF NATIVE AND IRRADIATED RIBONUCLEASE 
The circular dichroism spectra of native RNase and irradiated 
RNase maintaining various degrees of original activity, obtained 
at 3°c., are shown in Fig. 9. Native RNase at ne~tral pH in 0.1 ! 
sodium phosphate buffer exhibits a negative extremum near 275 nm 
wi~h an ellipticity of 250 deg. cm2/decimole and a positive extre-
mum near 239 nm with an ellipticity of 190 deg. cm2/decimole. 
Similar spectra, obtained ~t room temperature, have been reported 
'. 
previously (18,24,77,95,102,108,141,142,166-169,177,182,190). 
However, both the question of whether a distinct positive CD band 
is present near 239 nm and the precise ellipticity of this band 
have been in doubt because of the discrepancies among the various 
published reports. Since it is now clear that the 239 nm CD band 
is temperature dependent (Chapter III,F) it is not surprising that 
the exact characte.ristics of the band have been elusive. The 
value of 250 deg. cm2/decimole for the ellipticity at 275 nm 
determined in this laboratory is, however, in close agreement with 
recently reported values (95,104). 
Upon irradiation of RNase the ellipticity at 239 nm decreases 
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Fig. 9. Circular dichroism spectra of native and irradiated 
RNase. - native RNase, -·- irradiated RNase maintaining 90~ 
original activity, -- --- 73~ activity, ---- 54% activity, .a.&..&..t. 
42% activity; and •••• 21%. CD spectra obtained at 3°c. immed-
iately after irradiation. RNase concentration is 1.3 x 10-4 ! in 
0.1 M sodium phosphate buffer, pH 7.0. Pathlength is 5.0 mm. 
r--· 63 
r 
" 
and the extremum shifts to longer wavelengths. A shift of the 
extremum to 239 nm occurs for RNase maintaining 90% original 
activity and at 21% original activity the extremum appears near 
254 nm. The ellipticity of the 275 nm band also decreases and a 
new positive band with a maximum at 325 nm appears upon inactiva-
tion. On either wavelength side of the 275 nm maximum, at 283-
284 nm and 261-262 nm, the fine structure of the CD which is not 
clearly apparent in the native enzyme at 3°c., becomes more defined 
upon irradiation. Phenylalanine residues may be responsible for 
the small extremum near 261 nm and an exposed tyrosine residue may 
contribute to fine structure at 283-284 nm (95). It should be 
noted though that in spite of these changes, the CD spectra of 
RNase maintaining 54% or higher activity pass through an apparent 
isoelliptic point near 257 nm. 
The transitions associated with the 275 nm CD band in RNase 
are not well-established. Various authors have noted that upon 
raising the pH of RNase from neutrality to pH 11.5 this band shifts 
to 290 nm (77,142,166,169). At this pH the tyrosines present in 
the exterior of RNase are ionized but the remaining three tyrosines 
buried within the interior of the protein ionize following the 
unfolding of the protein, 1.e., at pH values higher than 11.5. 
These observations have led to the conclusion that the 275 nm band 
should be assigned to· a transition originating from the exposed 
tyrosines. On the other hand, however, no significant alteration 
• 
in the intensity of the CD at 275 nm, or the position of this band, 
occurs when the exposed tyrosines are o-acetylated by treatment 
,. 
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with N-acetyl-imidazole (169). On this basis, Simpson and Vallee 
(!69) have suggested that this band, though it may be generated by 
buried tyrosyl residues at neutrality, also receives contributions 
from the phenolate form of an exposed residue which may be optic-
ally inactive in the protonated form. The results of nitration 
studies of the exposed tyrosine residues in native RNase with 
tetranitromethane also support this view (18). 
The presence of the 275 nm band in native RNase in 8 f!i urea 
and the decrease in the ellipticity of this band when disulfide 
bonds are cleaved by mercaptoethanol suggest that cystine residues 
contribute in part to the CD at this wavelength (142). Recent 
analysis of the fine vibrational structure of the CD and ultra-
violet absorption spectra of RNase A and of model phenolic com-
pounds at low temperature (95) has indicated that approximately 
50% of the CD of RNase between 254 nm and 310 nm results from 
disulfide transitions, 35efo from the three exposed tyrosines, and 
15% from a single buried tyrosine. It was further concluded that 
the contribution of the remaining two buried tyrosines to the 
circular dichroism of RNase in this region is not significant. 
The 239 nm CD band may be generated by tyrosine residues, 
either buried or exposed. From an increase in the 239 nm extremum 
observed upon acetylation of the exposed residues, and a decrease 
upon nitration of these residues, the 239 nm band has been assigned 
·in part to exposed tyrosines (142). Buried tyrosines are impli-
cated in view of t!ie noted disa.ppearance of the 239 nm band when 
the protein is exposed to pH 2.0 ·(167), At this pH, interactions 
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which presumably take place between the carboxylate side-chains of 
aspartic acid residues and the phenolic hydroxyl groups of buried 
" tyrosine residues are disrupted. The disappearance of the band at 
this pH therefore suggests that a buried tyrosine(s) may contrib-
ute to the CD of RNase at 239 nm. 
Upon irradiation the 239 nm band is decreased in ellipticity 
and shifted to the red. Such changes in the CD are consistent 
with the normalization of a buried tyrosyl residue. This inter-
pretation is based, in part, on studies with the model phenolic 
compound, N-acetyl-L-tyrosinamide. This compound exhibits a CD 
band near 225 nm at neutral pH which shifts to 242 nm at pH 11.5 
as a result of the ionization of the hydroxyl groups of the 
tyrosyl residue (166) (See also Fig. 49). 
In attempting to relate the changes in the position of the 
239 nm band in native RNase with the bands characteristic of the 
model compounds, it must be recognized that the buried tyrosines in 
native RNase are not ionized at neutral pH. However, it has been 
shown that the buried tyrosines may be hydrogen bonded or other-
wise interact in some way with charged carboxylate groups of 
aspartic acid (114,203), and the presence of these nearby negative 
charges may promote a red shift of the extremum at neutral pH. 
Other factors, as well, may modify the appearance of the 2J9 nm CD 
band in native RNase. The 239 nm band appears asymmetrical and 
reduced in ellipticity because of the overlap of this band with 
the large negative polypeptide transition near 210 nm. 
Assuming that ultraviolet irradiation of RNase promotes the 
66 
normalization of tyrosine residues, the 239 nm band may be expect-
ed upon irradiation to shift to shorter wavelengths tovrard the 
. 
region in which free tyrosine at neutral pH exhibits a CD band. 
As a result of such a blue shift the 239 nm CD band may overlap to 
a greater degree with the constantly increasing ellipticities of 
the negative peptide transition producing an apparent red shift of 
the 239 nm extremum. The decrease in the ellipticity of the 239 
nm band and the shift of the extremum noted upon irradiation of 
RNase are consistent with the changes in the 239 nm CD band ex-
pected to occur upon nor~alization of tyrosyl residues. 
From the data shovm in Fig. 9 and additional similar CD 
measurements the difference in ellipticities between native and 
irradiated R~Jase at 239 nm and 27 5 nm may be plotted as a function 
of the loss of enzymic activity (Fig. 10). At 275 nm the relation-
ship between the change in ellipticity and per cent original act-
ivity appears linear for irradiated RNase maintaining up to 50% 
original activity, below which level of inactivation the change 
in ellipticity rapidly increases. At 50·:'0 original activity the 
change in elli~ticity is approximately 50 deg. cm2/decimole while 
at 21~ original activity the change in ellipticity is 150 deg. cm2/ 
decimole. Since the CD at 275 nm receives contributions from 
disulfide bonds, the decrease in CD observed at this wavelength 
is consistent with the disruption of disulfide bonds which 
accompanies the ultraviolet-induced inactivation of RNase (Chapter 
III,B). Additional contributions to the decrease at 275 nm may 
originate from alterations in the environment of intact cystines 
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as well as local environmental alterations about exposed and 
buried residues. 
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At 239 nm the relationship between the change in ellipticity 
and percent original activity appears linear for RNase ~aintaining 
up to 60% original activity, at which level of inactivation the 
change in ellipticity is approximately 225 deg. cm2/decimole. 
Beyond this point, however, the 239 nm extremum shifts to longer 
wavelengths making the assignment of the 239 nm ellipticity to a 
single transition difficult. For this reason measurements at this 
wavelength were limited to enzymes with activity not less than 
6o1o. 
The presence of the isoelliptic point noted near 257 nm for 
. irradiated RI\!'ase maintaining not less than 54% original activity 
indicates that in addition to native RNase a second species, . 
presumably denatured RNase, is present. Both partially and com-
pletely denatured RNase may be included in this class of denatured 
molecules. The absence of an isoelliptic point noted for RNase 
maintaining less than 54% original activity may indicate that more 
extensive changes in the conformation of the protein may occur 
during the later stages of inactivation. Furthermore, the rapidly 
accelerated change in ellipticity at 275 nm noted below 5oc~ 
original activity provides additional support to the conclusion 
that major conformational changes occur upon extensive irradiation. 
The· ellipticity of the CD band generated in irradiated RNase 
• 
·at 325 nm is correlated in Fig. 11 with the inactivation of the 
enzyme. The change in ellipticity at this wavelength betv;een 
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Fig. 11. Difference in ellipticity at 325 nm between native 
RNase and irradiated RNase plotted as a function of remaining 
enzymic activity. Ellipticities at 325 nm determined at 3°c. 
R ". • -4 Nase concentration is 1.3 x 10 Min 0.1 r.1 sodium phosphate 
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native and irradiated RNase is plotted versus original enzymic 
activity. The experimental points from which Fig. 11 was con-
structed are obtained from the spectra shown in Fig. 9 as well as 
from additional measurements not included in this figure. 
A linear increase in ellipticity near 325 nm is observed upon 
deactivation of the enzyme. For RNase maintaining 50% original 
activity the change is approximately 28 deg. cm2/dec~mole and for 
RNase maintaining 18% original activity, approximately 50 deg. 
cm2/decimole. It must be noted, however, that under the exper-
imental conditions employed in these studies, no changes in ellip-
ticity can be detected for RNase maintaining more than 90% of the 
original activity. Changes in ellipticity at 239 nm associated 
with the normalization of burie•d tyrosyl residues, however, do 
occur for RNase maintaining more than 90% original activity. 
In contrast, for RNase maintaining not more than 901 original 
activity, the sirnultaneous.~ppearance of the new CD band with 
maximum near 325 nm and a new ultraviolet absorption band with 
maximum near 309 nm (Chapter III,C) is a definite indication that 
chemical modifications accompany the process of inactivation. It 
thus appears that the initial process of inactivation may in part 
be accompanied by the normalization of tyrosyl residues while 
irradiation resulting in greater than 10~ loss of original enzymic 
a?tivity may be accompanied by chemical processes as well. 
:Measurements were limited to RNase maintaining higher than 
If 
18~ of the original activity. Continued irradiation below this 
level of inactivation most likely results in further, extensive 
.. 
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chemical modification of the initial chromophore generated by 
ultraviolet light exhibiting a CD band near 325 nm. 
E. SPECTROPHOTOMETRIC TITRATIONS OF NATIVE AND IRRADIATED RNASE 
The dependence of the absorption of RNase, at a given wave-
length in the 285 nm to 310 nm region, on pH gives important 
information regarding the factors which influence the ionization 
of the hydroxyl groups of the tyrosyl residues. The relation 
between the molar extinction coefficient, EM, at 290 nm, of native 
RNase A in 0.02 I KCl and pH is shown in Fig. 12. 
The spectral changes at 290 nm accompanying the ionization of 
the hydroxyl groups occur in two distinct stages, in agreement 
with the results previously reported (J2,187). The first step of 
the titration begins near pH 8.5 and continues up to pH 12s the 
second step occurs between pH 12 and 13. The extinction coeffic-
ient at 290 nm for the first step increases from JOOO to approx-
imately 10,200, and from 10,200 to approximately 17,800 for the 
second step. The increase in absorption for each step is the same 
and thus each step is assumed to represent the ionization of one-
half the total number of tyrosyl groups present in the protein. 
The observed change in the extinction coefficient is thus calcu-
lated as 2500 per tyrosine residue. 
These data indicate that in the first stage of ionization 
three phenolic hydroxyl groups are titrated instantaneously and 
4 
reversibly. These tyrosine residues apparently lie on the outer 
surface of the molecule and are freely accessible to the titrant. 
r ,- 72 
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Fig. 12. l'>Iolar extinction coefficient of native RNase at 
290 nm plotted as a function of pH, left ordinate. Phenol groups 
titrated versus pH, rlght ordinate. Absorbance of RNase in 0.02 
I KCl determined at 290 nm in 2 mm pathlength cells after the 
1 
addition of NaOH. Absorbance values at pH's greater than 12 are 
extrapolated to time zero (see Chapter II,C8). 
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The remainder of the tyrosine residues are not ionized until pH 
12, i.e., u..nder conditions promoting the unfolding of the molecule 
as a result of alkali-induced denaturation. 
In the second stage of the titration time dependent, irrever-
sible processes occur. Apparently during this stage, ionization 
of the remaining three tyrosine residues which are embedded in the 
interior of the molecule takes place. The irreversibility of this 
step is most likely due to slow chemical destruction of disulfide 
bonds which is known to occur in strong base (33). These conclu-
sions are consistent with the established reactivities of tyrosine 
towards other reagents. Three of the six tyrosines in native RNase 
A are known to react readily with tetranitromethane (18), iodine 
(203), and acetylimidazole (169). The remaining three tyrosine 
residues, however, can be nitrated, iodinated, or acetylated only 
under denaturing conditions. 
The spectrophotometric titration of irradiated RNase main-
taining 93~ original activity is shown in Fig. 13. The titration 
occurs in two unequal steps. The first step takes place from pH 
9.1 to approximately 11.7 and is accompanied by an increase in £M 
290 from 4800 to 14,200. The second step occurs from pH 11.7 to 
PH i2. 6 and is accompanied by an increase in ( M 290 from 14, 200 
to 19,400. 
As noted previously, the total change in extinction upon 
alkalinizatio~ to pH 12.6 corresponds to the ionization of six 
" 
tyrosine residues. The change in extinction for the first step, 
as indicated by the graphical analysis shown in Fig. 13, corresponds 
. ' 
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Fig. 13. Molar extinction coefficient at 290 nm of 
irradiated R~ase with 931 original activity plotted as a function 
. . . 
of pH, left ordinate. Phenol groups titrated versus pH, right 
ordinate. Absorbances of RNase in .02 I KCl determined at 290 nm 
in 2 mm pathlength cells after the addition of NaOH. Absorbance 
I 
values at pH's greater than 12 are extrapolated to time zero 
(See Chapter II,C8) 
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to the ionization of approximately four tyrosine residues. The 
remaining two residues appear to be ionized during the change in 
L 290 associated with the second step. t;;.M 
Irradiation of RNase reducing the activity of the enzyme to 
93~ of that originally present appears therefore to normalize the 
ionization properties of one tyrosyl residue previously buried in 
the native structure. The ultraviolet light presumably disrupts 
hydrogen bonding, hydrophobic interactions, and/or electrostatic 
forces which under non-denaturing conditions render the buried 
tyrosines inaccessible. Similar spectrophotometric titrations 
(96) have indicated that irradiation of RNase in air with cobalt 
gamma rays to 25~ original activity also ~esults in normalization 
of one buried residue. 
The spectral titration of irradiated RNase differs from that 
of native RNase in several other respects. The initial extinction 
coefficient of the native enzyme is approximately 3000 and does 
not increase until pH 8.1 is reached. In contrast the initial 
extinction coefficient of irradiated RNase maintaining 93% activity 
is initially close to 3400 and increases gradually until pH B.55 
is reached. At this pH an increase in absorbance corresponding to 
the beginning of the first step of the titration is noted. 
Furthermore, the final extinction coefficient for the first and 
second steps in native RNase are 10,000 al'.-d 17,800 respectively, 
while the final extinctions for irradiated RT1iase maintaining 93% 
activity at the completion of each one of these titration s-teps 
are 14,200 and 19,400 respectively. By comparison, the spectre-
76 
photometric titration of irradiated RNase maintaining 74% original 
activity is sho¥m in Fig. 14. In this instance distinct titration 
steps are not visible. The change in extinction coefficient at 
290 nm appears to gradually increase from 4400 at pH 7.2 to 26,000 
at pH 13. 
The higher final extinction coefficients for· irradiated RNase 
. --'-'Jllaintaining 93% and 74% original activity suggest that secondary 
oxidations involving the aromatic residues, which normally occur 
.. up-On ·standing in the ·presence of oxygen, may ·-be accelerated during 
·titration. For RNase maintaining 74~ original activity the final 
exti:rl'ction coefficient is markedly greater than the final extinc-
""t1on ·coefffcient attained by native RNas~. In contrast, the final. 
··extinction coefficient for RNase maintaining 93% original activity 
is only somewhat greater than that for native RNase indicating 
that at this level of in2.ctiva tion secondary oxidative reac·tions 
are not appreciably accelerated. 
1'-ie.single step titration noted in RNase maintaining 74% 
original activity is consistent with the normalization of all three 
buried tyrosine residues. Similar spectral titrations have been 
reported for RNase in denaturing solvents such as 8 ! urea {J2) 
and guanidine•HCI-urea (42), and for performic acid oxidized RNase 
(193). Clearly, the loss of secondary and tertiary structure 
renders all the tyrosines formerly present in the interior of 
native RNase access~ble to the ti trant •. 
The high extinction coefficient of 26,000 noted at this level 
of inactivation of RNase, however,_ indicates that oxidative 
r 
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Fig. 14. Molar extinction coefficient at 290 nm of irrad-
iated RNase with 74~ original activity plotted as a function of 
pH. Absorbance of RNase in .02 I KCl determined at 290 nm in 
2 mm pathlength cells after the addition of NaOH. Absorbance 
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values at pH's greater than 12 are extrapolated to time zero 
(see Chapter II,C8). 
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reactions may be extensively involved at this stage. Furthermore, 
the absorption at 290 nm, associated with tyrosine, may be overlap 
with the absorption of the ultraviolet generated band centered 
near 309 nm. As a result, the apparent extinction coefficient at 
290 nm may not only receive contributions. a_t neutral pH from the 
309 nm band, .but it may also be influenced by pH dependent spec-
tral changes associated with the chromophore responsible for the 
)09 nm band •. Contributions from the apparent absorption of RNase 
aggr~ga tes, formed duri~g irradiation of __ th_e e.nzyme (127) may also 
~ . . 
be significant at this level of inactivation, especially in view 
of the enhanced tendency of both native and irradiated RNase to 
aggregate at alkaline pH (29) • 
. . 
F. THE DEPENDENCE OF CIRCULAR DICHROISM OF RNASE ON TEMPERATURE 
.... '' . 
1. The CD-Temuerature Profile of Native RNase at 275 nm 
In Fig. 15 the molar ellipticity. of native RNase in 0 .1 M 
sodium phosphate buffer at 275 nm is plotted versus temperature. 
The profile is characterized by a sharp increase in the CD of the 
RNase between 55°c. and 75°c. with a midpoint transition of 
approximately 65°c. A broad transition which begins below 10°c. 
and extends up to 55°c. is also noted. 
The midpoint transition obtained in these studies for lyo-
philized REase A ( O .1 M sodium phosphate at pH 7. 0) is somewhat 
. . 0 
higher than the previousl~ reported value of 60 c. obtained from 
ultraviolet absorption-temperature profiles (52). It should be 
noted however, that the latter measurements were obtained for 
.. ' . 
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Fig. 15. Dependence of molar ellipticity at 275 nm of native 
and irradiated RNase on temperature. -- - -- native RNase, ..........._ 
irradiated RNase with 95% original activity, ---- 85%, -- -- --
65%, and ---- JO%. Temperature profiles obtained at an RNase con-
centration of i.J x 10-4 ! in 0.1 M sodium phosphate buffer, pH 7.0. 
Cell pathlength is 5.0 mm. 
crystalline ribonuclease in distilled water. Similarly, a value 
of 62.3°c. is reported for crystalline RNase in an unbuffered 
solution at pH 6.5 and also in 0.1 KCl (88). A midtransition 
80 
·· temp~rature •nea;· 62°C. has al;o been obtalned by optical rotation 
for lyophilized RNase in aqueous solution (120) and in dilute 
KCl-cacodylic acid buffer (200). Furthermore, a midtransition 
temuerature of 66°c., in closer agreement with that obtained in 
these studies is reported for a RNase solution prepared in 0.2 M 
. .-
potassium phosphate (200 >.• 
A CD-temperature transition with a midpoint near 63°c~ has 
been reported for lyophilized, aqueous RNase (20). In a similar 
• 0 fashion a value near 65 c. has been calculated from CD-tempera-ture 
profiles for native RNase in 0.1 M phosphate at pH 6.46 (168). 
Clearly then, considerable variation exists among the. values 
for the midpoint of the temperature transition reported for RNase. 
These variations are most likely the result of differences in. the 
molarity of the solvent and/or the method of analyses employed in 
determining the value. 
Specifically, it has been reported that the midpoint of the 
temperature transition of RNase increases with increasing ionic 
strength of KCl (88). Furthermore, a marked increase in mid-
transition temperature upon the addition of phosphate or sulfate 
to dilute neutral solutions of RNase has been shown by optical 
rotation (200). The stabilizing effect of phosphate ions is clear 
.. 
from the increase in the midpoint temperature obtained from CD 
data from 63°c. (20) to 65°c. (168). 
··'. 
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A source of discrepancy between the midtransition tempera-
tures determined by CD and ultraviolet may be related to the fact 
that small changes in local conformation m,ay be obscured in 
measurements performed by ultraviolet spectral methods which 
depend on overall changes in molar absorptivity. Also, small 
changes in the conformation of chromophores rray occur without 
significant changes in absorption and such conformational changes 
are thus likely to remain unobserved. In contrast, circular 
·d!chroism measurements are extremely sensitive to small changes in 
the lo"cal environment of chromqphores. 
It should be noted that in variance with the results present-
ed in this.thesis: only a single sharp transition of the CD begin-
~ing.~S~r·520c. with a midpoint near'65°c •. has been previously 
reported (168). T'ne apparent difference in t'r1e increased ellip-
o 0 ticities noted with increasing temperature between 10 c. and 55 c • 
. ·.and the single step transition previously re.ported is not surpris-
•·· ing in view of the differences in sensi ti vi ty between the spectro-
·~pblarimeters employed in these two studies. 
The spectropolarimeter available for the present studies has 
C 6 6 -4 " . I a D scale of .o x 10 ~ absorbance units 10 cm as compared to 
a CD scale setting of 1 x 10-3 ~ absorbance units/10 cm for the 
spectropolarimeter previously employed. In addition to this 40% 
increase in ·sensitivity of the instrument used in the present 
. studies, a three-fold increase in the signal to noise ratio as 
i 
compared with the instrument previously used permitted more precise 
experimental measurements. Thus, the failure to observe a broad 
r---r· 82 
,. 
·temperature transition below 55°c. was most likely due to the 
iower sensitivity of the instrument used in the previous studies. 
An unusual CD-temperature profile has been reported for 
crystalline RNase in o.ooi N HCl (85). At 278 nm a profile with a 
midpoint temperature near 53°c. and a second step with a midpoint 
near 62°c. were described. The decrease in ellipticity occurring 
during the first step of this transition is approximately twice as 
large as that observed for the second step. Although these data 
:were obtained with a spectropolarimeter w~th a·low scale sensitiv-
ity of 1 x 10-: 6. absorbance units/10 cm the gross discrepancies 
between these data with the great ma.j?rity of published informa-
tion strongly suggests that the RNase used in the study was part-
ially denatured. This conclusion is based on the results of 
several CD-temperature profiles discussed below. 
2. The CD•Tempera ture Profile of Irradiated RNase at 27 5 nm 
The CD-temperature profiles at 275 nm of ultraviolet irrad-
iated RNase are also shown in Fig. 15. As noted also in Chapter 
III,D, the magnitude of the ellipticity at 275 nm of the native 
enzyme decreases upon increasing loss of enzymic activity. The 
thermal profiles of RNase maintaining 95%, 85%, and 65% of the 
original activity of the enzyme exhibit two distinct steps. For 
RNase rraintaining 95% original activity the first step begins to 
take place at temperatures above 4o0 c. and exhibits a midtrans-
' 
't• 0 l ion temperature of approximately 47 c. The second step is 
characterized by a sharp transition beginning at 50°c. with a 
83 
midpoint near 6J0 c. 
Upon further ultraviolet irradiation the breadth of the first 
stage transition inc~eases significantly. At 95~ original activ-
ity the first stage transition begins near 4o0 c. while for RNase 
maintaining 85~ activity the first stage transition begins at 
30°c. or lower. At 30~ original activity the CD-temperature pro-
file consists of one broad transition extending throughout the 
temperature region between 10°c. and 70°c. The final ellipticities 
at 275 nm after heating appear progressively decreased upon irrad-
iati9n •.. · 
The biphasic temperature dependence of the molar ellipticity 
at 275 nm in irradiated RNase is a good indication for the exist-
ence of two distinct types of RNase molecules, native and ultra-
violet-denatured. The second step of the thermal profile of the 
enzyme maintaining 95~, 85%, and 65% original activity is preceded 
by a plateau which begins near 50°c. In~ each of these systems the 
midpoint of the temperature-CD profile for the second step is near 
65°0., a midtransition temperature identical to that obtained for 
native RNase tmder the same conditions. At 30% original activity 
RNase molecules with a CD-temperature dependence similar to that 
of native RNase do not appear to exist. 
"'* 
In order to interpret the changes in CD at 275 nm upon 
heating irradiated RNase a characterization of the denatured mol-
ecules is necessary. The designation of a population of RNase 
molecules as denatured is, of course, an oversimplification valid 
only in a macroscopic sense. Within this general category of 
', 
.. -· 
denatured molecules several species co-exist which most likely 
vary in the degree to which their conformation has been modified 
by ultraviolet light. 
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Since ultraviolet light results in the disruption of disul-
fide bonds, irradiated RNase molecules may be characterized on the 
basis of the integrity of the four constituent cystine residues. 
some pertinent information is available in this regard. 
It has been shown that one or two specific disulfide bonds 
of RNase are preferentially disrupted by ultraviolet light at 
doses resulting in a loss of 50-75% of the original activity of 
the enzyme (79). Below this level of enzymic activity the remain-
ing two disulfide bonds are destroyed upon irradiation with the 
occurrence of extensive conformational alterations. Furthermore, 
the biphasic dependence of CD at 275 nm upon increasing irradiation 
presented in this study (Fig. 15) and the presence of an isoellip-
tic point between the spectra of native RNase and RNase maintaining 
~ 
up to .54% original activity (Fig. 9) are consistent with the 
conclusion noted above. 
Therefore, it appears that the changes in CD observed below 
50°c. for RNase maintaining 95%, 85%, and 65% original enzymic 
activity may be derived from optically active transitions in a 
discrete population of partially denatured molecules in which one 
or at the most two disulfide bo~ds are disrupted. 
As noted above, the single step CD-temperature transition for 
~ 
RNase maintaining JO% original activity indicates that RNase 
molecules with a CD-temperature dependence characteristic of native 
r 85 
molecules do not exist. At this level of inactivation the CD-
temperature profile receives contributions from optically active 
transitions in RNase molecules that have suffered severe conforma-
" tional alterations and in which as many as three of four disulfide 
bonds may be disrupted. Thus at this level of inactivation pop-
ulations of ultraviolet-denatured molecules co-exist in which one, 
two, or more disulfide bonds are disrupted. 
On the other hand, an alternative possibility is that for all 
irradiated RNase solutions, even RNase with 95% original activity, 
some completely denatured molecules co-exist along with the part-
ially denatured species. This latter possibility, however, is 
less likely since all RNase .m9lecules in solution receive the same. 
. . 
..... 
amounts of ultraviolet energy at low dose levels and localization 
of ultraviolet energy at a particular molecule would not be 
expected. It is pertinent to note again that studies of l4c-
.. 
labeled irradiated RNase indicate that indeed at low doses of 
ultraviolet light, completely denatured molecules are not pro-
d\l~,e.d (79). 
The exact nature of denatured RNase molecules produced during 
irradiation of the enzyme is clearly not understood at this time. 
The accompanying molecular alterations are probably complex and 
may depend on the extent of.the inactivation of the enzyme. It is 
however of interest to characterize as fully as possible the 
optically active transitions, associated with denatured molecules, 
Which may give rise to the CD-temperature profiles at 275 nm 
presented in this study. 
The ellipticity at 275 nm, as noted in Chapter III,D, 
receives contributions from disulfide bonds, buried tyrosyl 
residues, and exposed tyrosyl residues. The CD band ~entered at 
86 
·275 nm is therefore a composite one. As a result of the ultra-
violet disruption of the stabilizing forces represented by disul-
fide bonds and hydrogen bonds, any one of the chromophores 
mentioned above may exhibit conformational transitions at temper-
atures below 50°c. In contrast, the same chromophores which are 
stabilized in the native conformation by intact disulfide and 
hydrogen bonds do not exhibit thermal transitions u..~til a tempera-
ture of 6o0 c. is attained. 
Alternatively, the temperature dependence of the CD at 275 nm 
of irradiated RNase may simply reflect more extensive and continued 
conformational alterations in the 10-50°c. region of those residues 
wnose local environments have been directl'y modified by the action 
of 'u1traviolet light. In other words, the effect of elevated 
temperature (in part) may be to realize "latent" ultraviolet 
damage in RNas·e. molecules. 
Derivatives of aromatic and disulfide residues that may be 
generated by ultraviolet light or through secondary reactions may 
also contribute to the CD in this region. 
3. .The Circular Dichroism-Temperature Profiles at 239 nm 
As the case ~~s with the CD-temperature dependence of RNase 
at 275 nm, the behavior of the CD at 239 nm may depend on the 
interplay of several contributing factors. 
The CD-temperature profile 01· native RNase at 239 nm is 
shown in Fig. 16. ·rhis profile is characterized by a sharp trans-
ition between 6o0 c. and 75°c. with a midpoint of approximately 
66°c. A broad transition which begins below 10°c. and extends to 
approximately 6o0 c. is also noted. 
The transition with a midpoint temperature of 66°c. has been 
associated with the process of cooperative unfolding of the pro-
tein molecule (88,168). ~ince the 239 nm CD band receives contrib-
utions from buried tyrosines the changes in ellipticity observed 
between 10°c. and 75°c. may simply reflect changes in the environ-
ment of these tyrosines. As discussed more fully in Section D, the 
decrease in ellipticity at 239 nm upon ultraviolet inactivation 
is consistent with normalization of buried tyrosyl residues. 
Examination of the profiles presented in Fig. 16 indicates 
that upon irradiatio.n an increasing number of buried tyrosine 
residues become normalized during irradiation. The presence of 
unaltered RNase molecules in solutions of the irradiated enzyme 
maintaining 67% and 45% activity is evident from the midpoint 
temperature of 65.5°c. noted for these systems which is character-
istic of native RNase. At 18~ original activity major conforma-
tional changes have occurred and it appears that under these 
conditions native RI1Jase molecules are no longer present. 
The CD-temperature profiles of native RNase indicate that 
changes in ellipti~ity at both 239 nm and 275 nm occur in two 
steps. These results are consistent with the two step model of 
RNase thermal dena tura tion proposed by Hermans and Sc he raga (88, 
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Fig. 16. Dependence of the molar ellipticity at 239 nm of 
native and irradiated RNase on temperature. ~ -- - native 
RI'~ase, - - - irradiated RNase with 671, original ac ti vi ty, 
---- 4J~ activity,~ and -- 18% activity. Temperature profiles 
obtained at an RNase concentration of 1. J x 10-4 Vi in O .1 M 
4 
sodium phosphate buffer, pH 7.0. Cell pathlength is 5,0 mm. 
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89) and adapted by Blout (168). 
According to this model the first step may involve only the 
disruption of a tyrosine-carboxylate hydrogen bond and the normal-
•· ization of a tyrosyl residue, most likely Tyrosine-25. The second 
step would involve the cooperative unfolding of the entire RNase 
molecule. 
As indicated previously, however, the 239 nm CD band may be 
associated with exposed tyrosines as well. The position and in-
tensity of the 239 nm band may a.rise from the overlap of a positive 
band originating from free tyrosine, centered at wavelengths 10-15 
nm shorter with the large negative polypeptide transition. Upon 
thermal denaturation the decrease in ellipticity in the peptide 
region accompanying the loss of secondary structure may result in 
a shift of the 239 nm band to shorter wavelengths and an increased 
overlap with the peptide band. 
Ultraviolet irradiation of RNase as shown in Chapter III, D,E, 
presumably results in the disruption of tyrosine-carboxylate hydro-
gen bonds. The CD-temperature profiles throughout the 10-70°c. 
region are consistent with a gradual and continuous normalization 
of tyrosyl residues accompanying the thermal dena.turation. As in 
the case of unirradiated RNase, however, contributions from exposed 
tyrosines to the CD at 239 nm should not be entirely neglected. 
The CD-temperature profiles for irradiated RNase also suggest 
that the process of ultraviolet inactivation may proceed in two 
stages in much the same fashion as the thermal denaturation of the 
native enzyme. For irradiated BNase maintaining 67% and 43cfo 
90 
original activity the CD-temperature profile indicates that native 
RNase molecules co-exist with partially denatured molecules. At 
18% original activity, however, native RNase molecules appear to 
. .. 
be absent. It may be surmised that for RNase maintaining up to 
approximately 18% original activity only relatively discrete 
changes in conformation have occurred while for RNase maintaining 
iess than 18% activity, major conformational changes have occurred. 
EXamination of the CD-temperature profiles of RNase with 43h orig-
i~l a_~ti_"Y:~~Y-. suggests that very few, in view of the diminished 
magnitude of the second s~ep transition, native RNase molecules 
may be present at this stage of inactivation. 
. . 
4. The Circuiar Dichroisrn-Temnerature Profiles at 220 nm 
Variation in the CD at 220 nm may reflect alterations in the 
. . ~- - -
secondary structure of RNase and specifically in the content of the 
~-helical, beta, and unordered forms of th~ protein. In order to 
examine these changes, the CD-temperature dependence of the native 
and irradiated enzyme were determined (Fig. 17). In native RNase 
a gradual decrease in ellipticity from -8700 deg. cm2/decimole to 
-7500 deg. cm2/decimole is observed between 12°c. and 55°c. Above 
55°c. a sharp transition is observed and the final ellipticity is 
near -4200 deg. cm2/decimo1e. The midtransition temperature for 
the native enzyme is near 65.5°c. A similar dependence of ellip-
ticity on temperature at 222 nm has been previously reported for 
.. 
native RNase (85). 
Ultraviolet irradiated RNase maintaining 73~ and 50% 
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Fig. 17. Dependence of the molar ellipticity at 220 nm of 
native and irradiated RNase on temperature~ - -- - native 
RNase, irradiated Rr;ase with 73% original activity, 
- - - 50% activity, and - 25% act~.v~ty. Temperature 
·• 
profiles obtained at an RNase concentration of 1.3 x 10-~, ;.1 in 
0 .1 J';1 sodium phosphate buffer,. pH 7. 0. Cell pa thlength is 
1.0 mm. 
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original activity exhibits two distinct temperature transitions. 
The magnitude of the first temperature transition at both levels 
of inactivation noted above is significantly greater than that in 
~ , . 
native m,rase. The midtransition temperature of the second step 
for RNase maintaining 73~ and 50% activity are 67oc. and 64°c. 
respectively, in reasonable agreement with that obtained for 
native RNase at 220 nm which is 65.5°c. Below 73% activity, the 
breadth of the first step increases, and at 25% original activity 
only a single step progressive decrease in ellipticity is observed. 
It may also be noted that the heating of irradiated RNase results 
in a greater loss of ellipticity at 220 nm than does the heating 
. ... . . . 
of native · RNase. 
... ;<it • : ... - ; ". 
The generation of an increasing proportion of denatured 
molecules upon irradiation is indicated by the increased magni-
tude and breadth of the first transition occurring at temperatures 
. . ~" 
below 55°c. Unaltered native molecules appear to co-exist in 
solutions of irradiated RNase with 73% and 50% original activity 
as evidenced by the presence of a second temperature transition 
with a midpoint similar to that of native RNase. At 25% activity 
native molecules do not appear to be present. 
The decrease in ellipticity at 220 nm in native RNase 
probably results mostly from a loss of ~-helical content and beta 
structure, since both these forms contribute significantly to the 
CD in this regio~o However, alterations in the CD originating 
from the unordered form at 235 nm, 220 nm, and 200 nm, and from 
aromatic residues and disulfide bonds may also contribute to the 
~ r· 
93 . 
. . . 
observed changes. 
In irradiated RNase, disulfide bonds are disrupted with the 
resulting loss of negative circular dichroism at wavelengths near 
t" . . . . .. , . 
and below 220 nm. Also the cleavage of disulfide bonds undoubt-
edlY alters the symmetric environment of intact disulfides and may 
affect the inherent geometry of the disulfide bonds (44) (Chapter 
III, G2) • 
Irradiation of RNase to 35% original activity results in a 
decrease in ellipticities in the 210. nm t~ .?~O nm region and a 
shift of the extremum of native RNase from 210 nm to 204 nm 
(Chapter III,G). Such decreases in ellipticity are consistent 
with a transition from the beta form, which in native RNase 
~ -~ . 
accounts for approximately 33% of the secondary structure, to the 
unordered form. Part of the change in ellipticity noted above for 
RNase maintaining 35% original enzymic activity may be due to a 
small decrease in helical con~ent. 
Since the contributions that the chromophores mentioned 
above make to the CD in the 220 nm region cannot be accurately 
analyzed, estimations for the loss of secondary structure from the 
decrease in 220 nm CD of native and irradiated RNase upon heating 
are hazardous. It may be stated with some certainty, however, 
that the greater portion of the observed decrease in ellipticity 
at 220 nm is du·e to the· loss of the beta form. Undoubtedly, 
denatured R::ase molecules, which give rise to the altered CD 
I 
dependence at 220 nm, have undergone modifications in both their 
secondary and tertiary structure. 
'·· ~ 
' 
The midpoints of the CD-temperature transitions for native 
0 RNa.se at 275 nm, 239 nm, and 220 nm are 65.0, 66.0, and 65.5 C., 
respectively. The difference noted for these three wavelengths 
are probably not experimentally significant. 
Incidentally, at ~ach wavelength, the final value for the 
94 
ellipticity ootained for the thermal denaturation of native RNase 
is not a limiting value in the sense that at 220 nm and 275 nm the 
final ellipticity of irradiated RNase is less than that of the 
native enzyme and at 239 nm the final ellipticities are greater. 
rt appears that irradiation induces more extensive conformational 
alterations than heat alone. From another point of view,. it may 
be stated that the effect of heat may be to irreversibly denature 
molecules that are only reversibly denatured by ultraviolet light. 
It should be further noted that at 239 nm the final ellip-
tici ties for RNase, native or irradiated, gradually decrease at 
temperatures higher than those associated with the sharp trans-
o ition with the midpoint near 65 C. This is in contrast to the 
ellipticities at 275 nm and 220 nm which remain constant at 
elevated temperatures. It is possible that the changes in the 
ellipticity near 239 nm reflect further local alterations in the 
environment of tyrosyl residues that occur in both thermally 
denatured RNase and ultraviolet denatured RNase. 
5. The Circular Dichroism-Temnerature Profiles at 325 nm 
~ 
The CD-temperature profiles at 325 nm of irradiated RNase 
a:re showr1 in Fig. lB. For RNase maintaining 70%, 503, 31;:S, and 
I:' 
95 
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Fig. 18. Dependence of molar ellipticity at 325 nm of 
irradiated RNase on temperature.· ~irradiated RNase with 70% 
original activity, ---- 50% activity, --- -- ~ 31% activity, and 
~ - --- 20% activity. Temperature profiles obtained at an RNase 
concentration of 1.3 x 10-4 M in 0.1 Jj sodium phosphate buffer, 
PH 7.0. Cell pathlength is 5.0 mm. For RN'ase maintaining 20% 
original activity a cooling curve was obta~ne;d. For RNase main-
taining 31% activity, CD spectra have been recorded at 70°c. and 
90°c. and are shovm in Fig. 41. 
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" 
20% original activity a significant increase in ellipticity occurs 
at 325 nm upon heating and the amount of increase appears more 
pronounced as inactivation becomes greater. The maximal change 
, .. 
for every activi_:ty level occurs between 73°c. and 75°c. Above 
75°c. the ellipticity begins to level off and decline. At 100°c. 
the ellipticity at 325 nm for RNase with 20~ activity is reduced 
to a value even lower than the value obtained at 10°c. before 
heating. 
For RNase maintaining 20~ original enzymic activity a cooling 
curve from 100°c. to 10°c. ~~s recorded. The ellipticity remained 
essentially constant with decreasing temperature at 30 deg. cm2/ 
decimole. 
The increase in ellipticity at 325 nm upon heating may result 
from a decrea~e in overlap of the 325 nm band with the negative 
band centered at 275 nm. The CD spectra of RNase maintaining 31% 
original activity and obtained at 70~C. an~ 90°c. immediately 
after irradiation is sho~m in Chapter III,H8. At both these temp-
eratures, where contributions from the 275 nm CD band are minimal, 
the circular dichroism appears centered near 318 nm. It may be 
noted that at lower temperature the maxim1;im is centered at 325 nm 
which is an indication that under these conditions an overlan of 
at least 1· ·nm exists between the negative extremum near 275 nm and 
the positive band at 325 nm. 
Examination of the thermal profile at 275 nm for RXase main-
taining 303 original activity reveals an ellipticity change of 
2 0 0 125 dee:;. cm /decimole in the temperature range from 11 c. to .70 c. 
~e elli~tfcity increase at 325 nm noted on raising the tempera-
ture of RNase with 31 ·cfo activity over the same temperature region 
97 
is only approximately 50 de~. cm2/decimole. Again, it appears that 
even though the 325 nm does not completely overlap the 275 nm band, 
the relatively large decrease in the 275 nm CD band may account at 
ieast partly for the increase noted at 325 nm. However, these 
effects do not account for all the increase in ellipticity noted 
upon raising the temperature. 
Elevated temperatures have undoubtedly a direct effect on 
·the environment of the chromophore responsible for the 325 nm 
band. This view is supported by the observed decrease in the CD at 
239 nm at temperatures above those associated with the sharp 
transition at 65°c. Apparently, even at temperatures above the 
midpoint for the major cooperative transition, local regions of 
asymmetry are present and these may interact with the chrornophore 
which is produced during ultraviolet irradiation. 
The decline in ellipticity at 325 nm observed for all irrad-
iated RNase samples at temperatures greater than 73-75°c. has not 
been investigated in any detail. One possible explanation for 
this decrease, however, is that it may result from destructive 
chemical reactions favored at the higher temperature and involving 
either the new chromophore itself or nearby amino acid residues. 
G. FAR ULTRA VIOLET CIRCULAR DICHR.OISM STUDIES 
~ 
1. Far Ultraviolet CD Spectra of Irradiated Ribonuclease 
The circular dichroism spectrum of unirradiated 7-{Nase A at 
r 98 
3o0• is shown in Fig. 19. It is characterized by an extremum near 
210 nm and an apparent broad shoulder from 210 nm to about 220 nm. 
!)'le mean residue ellipticlty_at 210 nm is approximately 10,200 
deg• em2/decimole, in close agreement with a previ~usiy reported 
.,.1ue obtained at this temperature {141). Elllptieities in the 
!10 nm to 220 nm spectral regions are normally indicative of the 
~-helical content of the protein as discussed in Chapter I. 
The broadening ot the CD in the 210-220 nm region for RNase 
'at .)0 c. may be ascribed to contributions from the beta structure. 
similar contributions to the ellipticitles in this wavelength 
·- '' 
region from the beta structure are observed in the OD spectra o:f' 
J10del polypeptides which are known to occur in the anti-parallel 
beta pleated sheet form, such as poly-L-lysine, which exhibit an 
extremum near 217 nm (99,152,192). Furthermore, the presence o:f' 
the beta form in RNase has been indicated by x-ray diffraction 
studies {106, 204). 
Contributions from the unordered form in the CD spectrum of 
RNase may appear as a weak negative band near 235 nm, a weak 
positive band near 220 nm, and an intense broad band near 200 nm 
(25,191.195). A recent estimate of secondary structure in RNase 
using CD parameters of model polypeptides in the far ultraviolet 
region indicates that the protein consists of 11.5% ~helix, )3~ 
beta form, and 39~ unordered form (141). These values which 
admittedly were obtained with some hindsight, are in good agree-
' lltent with published values derived from x-ray diffraction studies 
(106,204). It is to be noted, however, that additional refine-
l: 
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Pig. 19. Circular dichroism spectra at ; 0 c, of native and 
irradiated RNase in the wavelength region below 240 nm. -- --
native RNase, ~ irradiated RNase maintaining 91~ activity, 
~ - ~ 46% activity, ---- 37% activity, and ---- 20% activity. 
RNase concentration is 1.3 x 10-4 M in 0,1 ~ sodium phosphate 
I 
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buffer, pH 7.0. Pathlength is 0.1 mm. Spectra of irradiated RNase 
with 91% activity is superimposable with the spectra of native 
RNase at wavelengths below 206-208 nm. 
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.. nts in the assessment ot RNase secondary structure from CD 
[ 
r 
. parameters may be necessary in consideration of CD contributions 
in the peptide region originating from side-chain chromop~o~s. 
such contribut~ons have been observed in the CD spectra of model ~ ~ 
f 
r· Cf011PO"UndS containing cysteine residues (44) and tyrosine residues 
f' 19')•1'h• CD spectra of irradiated ribonuclease maintaining various 
~-t aaounta ot original activity and obtained at J0 o. are also shown 
~:_"in Fig. 19. The CD ot RNase maintaining 91" original activity 
~~does not differ appreciably from the CD of native RNaae. At 46:C 
(activity, however, the 210 nm extremum is shifted to 208 nm and 
~-
r: decreased in magnitude • An overall decrease in ellipticity is 
.. 
t, also observed throughout the 210 nm to 228 nm region. At wave-
~ . 
lengths below 208 nm negative ellipticities are increased. 
~ I Upon additional inactivation to 37" and 20" original activity 
~ the extremum is further shifted to 207 nm and 206 nm, respectively. l !Ila ellipticity of the 207 na band in RNase maintaining 3?:C 
~ activity i• approxi•tely 101' lower than that of the 210 nm 
.. 
t txtremum in the native enzyme. The extreaum at 20,C l'emaining 
f, 
r 
activity appears slightly greater than at 37~ remaining activity. 
1he changes in ellipticity noted below 208 nm will be discussed 
liter. It shou1d be noted at this point, however, that the small 
: lnorease in ellipticity at 207 nm·tor RNase maintaining 20% 
" letivl ty my not be _experimentally significant. A further 
~ . . 
_"_·a~·tl!'ease in elliptic! ty in the 210 nm to 228 nm region upon irrad-
. latio~ t~ 20~ original activity is also noted. In the region 
. 
above 230 nm a progressive decrease in ellipticity is observed 
with increasing deactivation. This decrease is related to the 
. . 
•odification of the 240 nm CD band discussed in Chapter III,D. 
• ·· The shift of the 210 nm extremum in unirradiated RNase to 
101 
shorter wavelengths upon irradiation suggests that in this protein 
., . ._ 
ultraviolet light induces a transition f?"?m an ordered secondary 
structure to an unordered one. A similar shift of extremum from 
206 nm in 100~ helical poly-L-glutamic acid to 201 nm under 
.... llil-"' 
.~ ~condition~ 1~11,ding_ to the formation of the unordered form of this 
. pol~ptid~ }tave. been . reported· (92). · 
The circular diohroism spectra at room temperature (27°c.) ot 
native and irradiated R.~ase. are shown in Ffg• 20. It may be noted 
···:that· .the.: 'position and elliptic! ty of the 210 nm minimum are . in 
. good agreement with the reported values for RNase at roo~ temper-
ature (90,103~,10~,119,182-3,190,196). 
Th~ ~lliptici tie.a of unirradiated RNase in the 210 nm to 2JO 
nm region at.room temperature are somewhat decreased as compared 
to that of unirradiated RNase at 3°c. shown in Fig. 19. Further 
differences in the CD spectra at the two temperatures are evident 
at 238 nm at which wavelength the ellipticity o:r unirradiated 
RNase is slightly negative at room temperature while at 3°0. it is 
positive. 
ln view of the results obtained with a pe.ptide containing . the 
~· . . 
•. f'~rst 1; residues from the amino terminus ot native RNase (38-9) 
" the lowered ellipticity of native RNase at room temperature 
compared to the ellipticity at ; 0 c.· is not particularly unexpected. 
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Fig. 20. Circular diehroism of native and irradiated RNase 
at room temperature in the wavelength region below 240 nm. 
native RNase, x-x-x- irradiated RNase maintaining 88~ original 
aotivity, - ·-• - 70~, - - - 48~, and - 3.5%. RNase con-
centration is 1.3 ~ 10-4 ~in 0.1 ! sodium phosphate_buffe~, pH 
1.0. Pathlength is 0.1 mm. Spectra of irradiated RNase with 88~ 
activity is superimposable with that ~f the native protein at 
wavelengths below 212 nm and above 218 nlQ.• 
r lOJ 
sPBoifically, upon increasing the temperature of a solution of the 
peptide (0.04 mg/ml) in O.JJ ! sodium phosphate from 1°c. to 26°c. 
the mean residue ellipticity at 222 nm decreases approximately 
·three-fold from -f0,000 to--3000. At the same time the negative 
extremum centered near 204-205 nm is shifted to 198-199 nm. Both 
· the shift of the extremum to shorter wavelengths and the decrease 
pf the elliptic! ty near .. 222 n1Jl: at.._-eJ:evated temperatures are con-
•' 
sistent with a reduction-i?l-- the- helical content and an increase in 
'' 
th• unordered form o:f' the~~~~·'"'-~~$ _,,.,,_¥'",'. "<-;·"'.- -.. ·~· -· - ·: · -
.,.b j-- ~: ~ 
· ··In a similar fashi~n ._the iffeci:i--or·:: J..ow: temperature..: en the CD · - · ·.' 
-~·spectrum of unirradiated RNa.se may para.J.lei the effect of low 
,,~teJDP9rature on:this~ ~inO-_·_~r~iM.1~-peptide. ··It would appear t~t 
" the effect of raising the~· tempera'tur-e-:rroin :l:)e101' 3°c. to room 
temperature f'or _both th~: peptide: -and the protein is to promote 
' . . 
.. _ccmf'or!na tional ~transi tions·--thaii"--Tes..-1 t in a<tess -of the Gf•helioal 
~t;orm 'and: an inc~ase. in the=-·anorde~d- f.Orm.'-~ ·rn 'the case of the 
intact protein, however, -~;:""ln~a-se' "in unoraered form may occur 
at the expense of the beta fora. The relatively smaller decrease 
in ellipticity of the 210 nm extremum of the protein observed at 
room temperature, in comparison to the extensive changes in ellip~ 
. 
tioity of the 1-1) peptide- of RNase suggest that in unirradiated 
.RNase forces which are not present in the peptide, are important 
in maintaining the stability of the ordered forms. 
For unirradiated RNase at room_temperatut'e, disulfide bonds, 
.,. . . 
hydrophobic bonds, hydrogen bonds, and electrostatic interactions 
assist in maintaining the stability of the ordered forms and the 
104 
0~erall integrity of the tertiary structure. It appears however 
thB.t in the absence of disulfide bonds other forces such as hydro-
gen bonds, hydrophobic bonds, and electrostatic interactions are 
not sufficient to maintain the conformation of the peptide during 
thermal perturbation. The peptide undergoes therefore more 
extensive conformational transitions at elevated temperatures in 
comparison with those occurring with the intact protein. 
The CD apectra of irradiated RNase at room temperature are 
Ii ' 
shown in Fig. 20. The CD of RNase maintaining 88~ original 
. ... . 
activity differs little from that of unirradiated RNase. At 70~ 
· original activity a slight blue shift in the 210 nm extremum is 
discernible which is accompanied by a small but definite decrease 
in ellipticity throughout the 210-230 nm region. At 40~ activity, 
however, elliptioities between 207 nm and 2JO nm are substantially 
decreased and the extremum appears near 207 nm. Irradiation to 
35~ original activity results in a further shift of the minimum 
to 204 nm and a decrease of about 10% in the ellipticity as com-
pared to unirradiated RNase. 
The shift to shorter wavelengths of the 210 nm extremum and 
the decrease in the ~1Q nm to 230 nm region upon irradiation ob-
o 
served in the CD spectra at both J c. and room temperature are 
... s~milar to the changes which occur upon raising the temperature of 
the 1-13 peptide of RNase or the intact unirra.diated protein. The 
effect of ultraviolet irra~iation on the CD spectrum of unirrad-
4 
lated RNase appears to result in shifts from a spectrum character-
istic of the ordered form to a spectrum indicative of the presence 
f 
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of the unordered form. 
The changes in the CD spectrum of irradiated RNase appear 
more pronounced at room temperature than at 3°c. Specifically, at 
3oc. RNase maintaining 20% original activity exhibits a minimum 
near 206 nm while RNase maintaining 35~ original activity exhibits 
a minimum near 204 nm at room temperature. Such differences in the 
CD spectra between irradiated RNase at room temperature and at J0 c. 
are not unexpected in view of the fact that irradiation of ~Nase 
results in the disruption of disulfide bonds and hydrogen bonding 
forces (Chapter III,B,D,). Elevated temperature would therefore 
promote even greater fluctuations in the conformation of the un-
. . . .. . . . . . 
ordered form of the protein than those occurring at 3°c. 
It is possible that the enhancement of conformational stabil~ 
ity of the irradiated protein at J0 c. is impar.ted to the partially 
.. 
denatured molecule as a result of side-chain interactions with 
the polypeptide backbone. Of course, low temperature would increase 
the stability of disulfide bonds by raising the barrier to 
rotation about the disulfide bond of the RSSR group. 
The transition of the 1-13 amino terminal peptide into the 
unordered form with increasing temperatures from 1°c. to 26°0. 
obviously proceeds at the expense of the 411\-helical content of the 
peptide since at 1°0. the peptide appears to exhibit 100% helical 
character. This may not be the case for either native or irrad-
iated RNase since the contribution of the::beta form of the 
Protein is significant. 
2. Far Ultra.violet Circular Dichroism Spectra of 
Ribonuelease in Presence of Sodium Dodeoyl Sulfate 
106 
The transition from an ordered form into the unordered torm 
18 accompanied by the loss of beta structure in at least one other 
1ystem of interest involving RNase. The addition of SDS to unir-
radiated RNase results in a decrease in ellipticity near 220 nm 
and a shift of the 210 nm extremum to 205 nm (Fig. 21}. The 
effect of SDS on the CD spectrum of unirradiated RNase indicates 
1 that this detergent may induce a transition trom the ordered rorm 
or RNase into the unordered form with an accompanying loss ot beta 
structure. 
The effect of SDS on the CD spectrum of unirradiated RNase is 
generally similar to the effect of ultraviolet irradiation on the 
CD spectrum of unirradiated RNase at both .3°c. and room tempera-
ture. Since a loss of beta structure accompanies the detergent-
indueed denaturation of RNase it follows that a similar loss of 
beta structure may accompany the ultraviolet-induced inactivation 
ot RNase. 
The loss of o(-helical content in irradiated RNase may be dif-
ficult to assess from changes in the CD near 220 nm since only 
about 11.5~ of the secondary structure of the unirradiated protein 
is in the form of the c:i<.-helix. A small decrease in this form in 
the irradiated protein may thus escape detecti~n. In any event. 
the CD spectra of irradiated RNase in Fig. 20 clearly exhibit a 
~ore pronounced shoulder near 222 nm which allows the presence of 
the o{-helieal form in the irradiated protein to be more readily 
.
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Fig. 21. Circular dichroism spectra of native RNase in the 
presence of sodium dodecyl sulfate. ---- native RNase and 
--- -- -- native RNase in the presence of ,1.5% SDS. RNase 
concentration is 1.3 x 10-4 ~ in 0.1 M sodium phosphate buffer, 
I 
pH 7.0, in the presence of 1.5~ sodium dodecyl sulfate. Path-
length is 0.1 mm. 
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discerned. The more pronounced shoulder in the CD spectra, how-
ever, is probably due to the loss of beta structure without any 
apparent substantial changes in the cC.-helical content. 
It should be noted that the CD spectra of native and irrad-
• 0 . . iated RNase, obtained at both ) c. and room temperature, may 
define an isoelliptic point near 230 nm (Figs. 19&20). The iso-
elliptic point noted near 230 nm at both 3°c. and room temperature 
between the spectra of irradiated and unirradiated RNase may 
indicate that two types ot RNase molecules, native and denatured, 
co-exist under these conditions. Since the ultraviolet-promoted 
inactivation of RNase may be accompanied by an increase in the 
unordered form at the expense of the beta form and possible 
~helical as well, the presence of an isoelliptic point provides 
further indication that during irradiation the population of the 
unordered form increases as the proportion of the beta and 
~-helical forms decrease. 
. . 
In the region below 210 nm the decrease in the ellipti~ity at 
the extremum and the apparent increase in ellipticities at wave-
lengths below the extremum may originate from several sources. 
The positive band at 195 nm, associated with the beta form, which 
because of the low SigP..al to noise ratios associated with these 
lower wavelengths is difficult to study, may decrease upon irrad-
iation. As a result of such a decrease the overlap between.this 
band and the CD in the 200-210 nm region may be reduced, thus ,, 
increasing the negative ellipticity of irradiated RNase in this 
region. Such a decrease in the 195 nm CD band is also consistent 
-ith decreases in the beta form which may be indicated by the 
reduced ellipticity near 220 nm. 
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A decrease in the positive 192 nm CD band associated with the 
~-helix may also contribute to a reduction in the overlap between 
this band and the CD in the 200-210 nm region, which would tend to 
increase the negative ellipticity in this region. 
Furthermore, it should be noted that side-chain chromophores 
may also contribute to the CD in the region below 210 nm. Tyro-
sine residues have been shown to exhibi~ positive ellipticity near 
194 nm (9J). As a result of irradiation this extremum may decre~se 
and also possibly shift to shorter wavelengths. Such behavior of 
the CD band would not be unexpected in view of both the chemical. 
and environmental modifications in aromatic residues which occur 
upon irradiation as suggested by the data obtained in the near 
ultraviolet region (Chapter III,C,D,E). Again, the final effect 
would be a decrease in overlap in the 200-210 nm region. 
Disulfide bonds may also contribute to the CD in this region. 
Because of the inherent geometry of the disulfide bond (154), two 
distinct configurations are possible (I and II). 
(I) (II) 
Those portions of the polypeptide chain which are attached to the 
respective sulfu~ atoms of a disulfide bond are designated as R1 
and R2 in {I) and {II). Ea.ch form is the non-superimposable 
110 
•1rror image of the other and possesses ellipticity. In model 
compounds, the CD of such a disulfide configuration. is negative 
and appears near 200 nm (44). In unirradiated RNaee one of these 
t•o forms may predominate. Upon irradiation, the steric and/or 
energy requirements for the transition from one form into another 
-.y be altered so that such a conversion ·becomes possible. The CD 
spectrum would then change accordingly. 
Alterations in the dihedral angle of the disulfide bond may 
also be important in altering the strength of the CD transition 
near 200 nm. Obviously, the gross destruction of cystine residues 
discussed in Chapter III,B, will tend to decrease ellipticities in 
~his region. 
The marked shift of the 210 nm extremum to shorter wavelengths 
in irradiated RNase characteristic of the unordered form clearly 
, 
supports the concept that the ultraviolet-promoted inactivation of 
the enzyme is accompanied by ·the reorganization and unfolding of 
the secondary structure of the protein. It may be of interest in 
this connection to note that the far ultraviolet CD spectrum of 
fully reduced and s-carboxy-methylated RNase is characterized by 
an intense negative band with an ellipticity of abou.t 20,000 deg. 
cm
2/decimole at 199 nm (lOJ). A similar spectrum is also obtained 
for performic acid-oxidized RNase (103). In both the reduced and 
the oxidized proteln all four disulfide bonds are disrupted, all 
the tyrosine residues are normalized, and the unordered form pre-
dominates. 
The effects of SDS on the CD spectra of ultraviolet inact-
r 111 
' 
1vated RNase are depicted in Fig. 22. The addition of SDS to 
ribonuclease maintaining 88~, 70%, and 48% original activity 
results in a decrease in ellipticity in_the 2io-240 nm region and 
,,. ···a shift of the minimum to 204-205 nm. These results are similar to 
those obtained with unirradiated RNase upon the addition of SDS in 
the sense that the 205 nm extremum of irradiated RNase in the 
presence of SDS remains essentially identical to that noted for 
unirradiated RNase under the same conditions. 
The effect of SDS on the CD spectr,a of ultraviolet inactivated 
. 
~ase closely parallels the decrease in ellipticity in the 220-240 
'i'Ull region noted upon SDS treatment of uni;ri:adtated RNase. In 
contrast, the addition of SDS to irradiated RNase maintaining JS~ 
origina1 acttvity results in no further decrease in ellipticity in 
the 212-216 n~ region nor any further shift in the extremum. The 
"ellipticity of the 204 run band is, however, increased to about 
10,500 deg.-cm2/decimole and increases in ellipticities may also 
be noted in the region from 216 nm to 240 nm. 
The suggestion made earlier 1n Chapter III, Gl, that ultra-
violet light induces a transition from an ordered secondary 
structure in unirradiated protein is reinf~rc~d by the similarity 
between the CD spectra of irradiated RNase and RNase in the 
presence of sns. In both of these spectra a shift of the extremum 
to shorter wavelengths, characteristic of an increase in the 
tmordered form, is noted._ 
Furthermore, the addition of SDS to RNase maintaining 35% 
original activity results in no further shift of the 205 nm 
•' 
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Fig.·22. Circular diehroism spectra of irradiated RNase in 
the presence of sodium dodecyl sulfate. -- -- -- irradiated 
RNaee with 88% activity, ---- 70% activity, -- - ~ 35% and 48~ 
activity, and ---- 35% activity, no SDS (same as in Fig. 21). 
RNase concentration is 1.3· x 10-4 ! in 0.1 M sodium phosphate 
buffer, pH 7.0, in the presence of 1.5% sodium dodeeyl sulfate. 
Pathlength is 0.1 mm. 
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e~tremum. This indicates that the transition from the ordered 
form into the unordered form is complete for irradiated RNase at 
this level of inactivation in so far as the position of the 205 nm 
extremum reflects the extent of the sos-induced transition into 
the unordered form, is noted • 
• 
It has been suggested that in many proteins with low helical 
content, SDS may promote transitions from the beta form to the 
cl-helix via an intermediate unordered form (104,183,196). However, 
in contrast to several other proteins of low helical content, it 
appears that the transition from the beta form in RNase does not 
proceed b'yond the transition to the unordered form. Comparison 
* 
of the CD spectra of irradiated RNase maintainin.g 35% original 
activity in the presence of SDS and irradiated RKase maintaining 
35% original activity imme~iately after irradiation indioates that 
. 
· at 35~ activity the addition of SDS to irradiated RNase results in 
no further decrease in ellipticities near 216 nm, which is the 
region associated with the beta form. This observation is consist-
ent with the suggestion that during irradiation of RNase a loss of 
beta strueture takes place. 
Upon irradiation of RNase a decrease in negative ellipticity 
is noted at the 205 nm extremum whereas in contrast, the addition 
of SDS to irradiated RNase including the enzyme ~.aintaining 35% 
activity, results in an increase in negative ellipticities at the 
extremum. It is therefore clear that disorganization of the pro-
- I 
tein does not appear as complete as that promoted by detergent, 
as indicated by the further increase in ellipticity at 205 nm upon 
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the addition of SDS to irradiated RNase. It appears that while 
SDS may disrupt nearly all the hydrophobic regions of protein, and 
perhaps modify electrostatic interactions contributing to the 
stability ot the protein the effectiveness of ultraviolet light in 
achieving the same changes is limited. 
The relative selectivity of ultraviolet light as compared to 
that of SDS in terms of inducing denaturation may be due to the 
specificity ot ultraviolet light in preferentially disrupting 
certain cystlne bonds in RNase. The detergent on the other hand 
may be expected to interact with all hydrophobic regions. It may 
be necessary for all four disulfide bonds to be broken by ultra-
violet light before the CD spectrum of irradiated RNase could 
approach that of the SDS denatured molecules. 
Although SDS and ultraviolet light both induce an increase 
in the unordered form, the local environment about residues in the 
unordered region is probably not identical in the two denatured 
states. The production of changes in groups associated with sulfur 
and/or aromatic residues during irradiation may impose new, 
specific asymmetric microenvironments about residues located in 
regions of overall unorder in irradiated RNase. Furthermore, new 
sterlc restraints would be expected to be imparted to the irrad-
iated protein in regions brought in proximity through the bityro-
sine linkage which may be formed during irradiation. Such regions 
of local and specific order may of course be present within 
~ 
regions of the irradiated protein that possess no overall 
periodicity~ 
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The SDS-indueed denaturation of RNase may be mediated by SDS 
binding to certain regions of the molecule. A characteristic of 
such detergent-protein systems may be the formation of micelles in 
regions of SDS binding. Such stable micelles may induce new 
88ymmetrio restraints on residues that are located in regions ot 
overall disorder. 
JI, EFFECTS OF VARIOUS TREATI1IBNTS ON THE CD OF RIBONUCLEASE 
1. Irradiated Ribonuclenlse Stored Under Argon 
The CD spectrum of native lyophilized RNase at room tempera-
ture is characterized by a negative extremum with a magnitude of 
240 deg. cm2/deoimole near 275 nm and a positive extremum with a 
111.gnitude of 90 deg. cm2/decimole near 239 nm (Fig. 23). Upon 
irradiation at 3°c. to JO~ original activity the 275 nm band is 
decreased to 110 deg. cm2/decimole and the 239 nm extremum is 
shifted to 255 nm. A new CD band is generated in the 295-390 nm 
region with a maximum positive deflection at 325 nm of 40 deg. 
cm
2/decimole. 
The CD spectrum of RNase, also irradiated at 3°c., and 
obtained at room temperature, after standing for 24 hours at 3°c. 
under Argon, is shown in Fig. 23. The CD spectrum is euperimpos-
able within experimental error to the spectrum of RNase recorded 
immediately after irradiation. Furthermore, the enzymio activity 
of this sample, 33~ original activity, is not significantly 
different from that obtained immediately after irradiation, which 
was JO~. 
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Fig. 23. Circular dichroism of RNase at room temperature 
recorded immediately after irradiation and recorded after stand-
ing for 24 hrs. at J0 c. under Argon. ----- native RNase at room 
temperature, -- - -- irradiated RNase with JO% activity at room 
temperature immediately after irradiation, and ---- irradiated 
RNase with JJ~ activity at room temperature after standing at J0 c. 
for 24 hrs. und~r Argon. RNase concentration is 1.J x 10-4 M in 
0.1 ! sodium phosphate buffer, pH 7.0. Pathlength is 5.0 mm. 
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The CD spectra of native and irradiated RNase at 3°c. are 
shown on Fig. 24. At this temperature the magnitudes of the 239 
n1ll and the 275 nm bands present in native RNase are increased 
compared to the values noted at room temperature. 
Irradiation resulting in 34~ original activity decreases the 
inagnitude of the 275 nm band and shifts the 239 nm band to 250 nm. 
The positive band generated at J25 nm exhibits an ellipticity of 
approximately 30 deg. cm2/decimole. 
Irradiated RNase, maintaining J4% activity and allowed to 
stand under Argon at room temperature for 24 hours, undergoes a 
further decrease in ellipticity. The CD spectrum obtained at J0 c. 
at the end of this period, exhibits ellipticities of 45 deg. cm2/ 
decimole and 123 deg. cm2/decimole for the 250 nm and 275 nm 
bands, respectively. A small increase to 40 deg. cm2/decimole is 
also noted for the band at 325 nm. 
In other experiments the CD spectrum of irradiated RNase 
maintained under Argon at J0 c. for 24 hours was recorded at the 
same temperature. The obtained spectrum was identical to that 
recorded at 3°c. immediately after RNase irradiation. 
The results described in Fig. 23 clearly indicate that the 
conformation of the irradiated RNase remains stable under Argon 
at J 0 c. In contrast, as shown in Fig. 24, the tertiary structure 
of irradiated RNase in an atmosphere of Argon maintained at room 
temperature undergoes time dependent modifications. Under 
• identical conditions of pH, protein concentration, time, and 
atmosphere, the conformation of ultraviolet-denatured RNase is 
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Fig. 24. Circular dichroism of RNase at 3°c. recorded 
immediately after irradiation and recorded after standing for 24 
hrs. at room temperature under Argon. ---- native RNase at J0 c., 
---- irradiated RNase (34%) at 3°c. immediately after irradiation, 
and -- - _.:_ irradiated RNase (JO~) at J0 c. after standing for 24 
hrs. at room temperature under Argon. RNase concentration is 
-4 ' 1.3 x 10 !1 in 0.1 M sodium phosphate buffer, pH 7.0. Pathlength 
is 5.0 mm. 
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apparently maintained constant at low temperatures. In contrast, 
at room temperature, processes leading to conformational changes 
continue. 
Irradiation promotes cleavage of disulfide bonds in a pre-
dominantly unsymmetrical fashion (12,79). In only a small frac-
tion of the cleaved molecules two -SH groups are produced from the 
same disulfide bond. Therefore, since most of the free -SH groups 
in irradiated RNase originate from different disulfide bonds and 
since the concentration of protein is high, both incorrect intra-
chain and inter-chain reformation may occur upon standing. The 
decrease in ellipticity at 275 nm and 250 nm seen in Fig. 24 upon 
standing at room temperature is consistent with such reorganiza-
tion of the tertia~ structure. 
The formation of aggregates may also be facilitated by the 
participation of non-covalent interactions. These forces, however, 
play a rather minor role in this system because, as it will be 
discussed in a later section, these forces are disrupted upon 
ultraviolet irradiation. 
As noted above, the presence of •scrambled" disulfide bonds 
may be indicated by the decrease in the CD of irradiated RNase 
maintained £or a period of 24 hours at room temperature as com-
pared to the CD of irradiated RNase obtained immediately after 
irradiation. In spite of the apparent presence of incorrect 
disulfide bonds, irradiated RNase maintains considerable residual 
' 
enzymio activity. Furthermore. this activity is not significantly 
altered upon standing. Clearly, then, enzymic activity is com-
p 
patible with more than one conformational state of irradiated 
RNase. 
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The correct disulfide bonds are apparently reformed and full 
enzymie activity restored after reoxidation of RNase previously 
reduced with mercaptoethanol (4,21,59,202). This restoration of 
activity is facilitated by the presence of oxygen, slightly 
alkaline pH, low protein concentrations (0.2 mg/ml), and room 
temperature. 
However, the experimental conditions employed in the p~esent 
study (inert atmosphere and relatively high RNase concentration) 
were not optimal for the full restoration of RNase conformation 
after ultraviolet irradiation. Therefore, the CD spec~rum in 
Fig. 24 obtained for RNase held for a period of 24 hours at room 
temperature may correspond to an intermediate stage of.aggregation 
in the renaturation process. 
Furthermore, since the essential •information• for the folding 
of the RNase backbone into the most favorable conformation is 
contained in the primary sequence of amino acids (4 1 21,59,202) and 
in view of the expected modification of certain amino acid residues 
in irradiated RNase all such •information" may not be available. 
Thus, the complete refolding of the irradiated protein is prob-
ably not possible, even under conditions most favorable for 
renaturation. 
The results presented in Fig. 24 also indicate that RNase 
• 
maintained at 3°c. for 24 hours exhibits at room temperature a CD 
spectrum identical to that obtained at room temperature for RNase 
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iJ!II!lediately after irradiation. Apparently the tertiary structure 
of irradiated RNase remains relatively stable under these con-
ditions. 
2. Treatment of Ribonuelease With Sodium Dodecyl Sulfate 
The effect of sodium dodecyl sulfate (SDS) on the near ultra-
yiolet CD spectrum of RNase in 0.1 ! sodium phosphate, pH 7.0, is 
shown in Fig. 25. Exposure of RNase to a 1.)% (0.052 !) solution 
of this anionic detergent. which is derived from a twelve carbon 
saturated fatty acid (dodeeylic acid), results in a reduction of 
the ellipticities in the 275 nm region from a mximum of 240 deg. 
cm2/decimole to a value of 40 deg. co2/decimole. 
Similar decreases in ellipticity for native RNase at 275 nm 
have been reported previously (104,166). Elimination of the 
optical activity near 275 nm which originates from side-chain 
tyrosyl residues has also been observed upon the addition of SDS 
(77,169). Difference spectral measurements have further indicated 
that the change in the molar extinction coefficient at 287 nm 
upon detergent-induosd denaturation corresponds to the exposure of 
a single previously buried tyrosyl residue to the solvent (30). 
As noted in Chapter III,D, the CD spectrum of native RNase 
receives contributions at 275 nm from a single buried tyrosyl 
residue. The contribution of this residue to the magnitude of 
the ellipticity at 275 nm may not account for more than 15% of the 
• 
total ellipticity at 275 nm. However, the observed decrease in 
ellipticity at 275 nm from 240 to 40 deg, cm2/decimole upon the 
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Fig. 25. Circular dichroism of native RNase in the presence 
of sns. -- - -- native RNase and ---- native RNase in the 
~ -4 presence of 1.510 sns. RNase concentration is 1.3 x 10 M in 
• 0.1 E sodium phosphate buffer, pH 7.0. SDS concentration is 1.5%. 
Pathlength is 5.0 mm. Spectra obtained at room temperature. 
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addition of SDS is much greater than that. This decrease there-
fore cannot be explained solely on the basis of the normalization 
of the single tyrosyl residue that accompanies the SDS-induced 
denaturation of RNase (JO). 
It appears that this substantial decrease in CD near 275 nm 
reflects further extensive changes in tertiary structure of RNase. 
1'be disorganizing effect of SDS may promote alterations in the 
orientation of exposed residues as well as perturbation of disul-
fide geometry. 
Considerable uncertainty exists to this date regarding the 
exact mode of action of sos. Some researchers suggest that SDS 
acts primarily by promoting the disruption of electrostatic inter-
actions (166) while others attribute the denaturing effect of the 
detergent to disruption of hydrophobic interactions (112). 
The effect of SDS on the CD spectrum of ultraviolet irrad-
iated Riiase A is shown in Fig. 26. RNase maintaining 50% original 
activity is characterized by CD bands near J25 nm and 275 nm. The 
ellipticities of these bands are +JO and -140 deg. cm2/decimole, 
respectively. After addition of SDS the ellipticity of the band 
at 275 nm is decreased to approximately the same value as that of 
native RNase in sns. The somewhat more pronounced decrease in 
ellipticity for irradiated RNase above 290 nm is probably due to 
the overlap of optical activity associated with the 275 nm band 
with the positive CD band centered near 325 nm. 
~ 
The band at 325 nm persists upon SDS treatment but its ellip-
ticity is reduced approximately to 50%, from JO to 15 deg. cm2/ 
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Fig. 26. Circular dichroism of irradiated RNase maintaining 
50~ original enzyme activity in the presence of 1.5% sns. 
-- -- -- native RNase, ---- irradiated RNase with 50% enzyme 
activity, and --- - ~irradiated RNase (50% activity) in the 
presence of 1.5% SDS. RNase concentration is 1.3 x 10-4 ~ in 
~ 
0.1 E sodium phosphate buffer, pH 7.0, in the presence of 1.5~ 
sns. spectra obtained at room temperature. Pathlength is 5.0 mm. 
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deeimole. The reduction in ellipticities in the 325 nm region 
under denaturing conditions, suggests that optical activity of the 
chromophore giving rise to the 325 nm band depends in part on the 
microenvironment surrounding the chromophore. 
3. Treatment of Ribonuclease With Cleland's Reagent 
-4 Incubation of native RNase A (1.30 x 10 ,M) in 0.1 .! sodium 
phosphate buffer, pH 7.0, with Cleland's reagent (4 x 10-3 _!) at 
room temperature for as long as 48 hours does not significantly 
alter the CD spectrum of the enzyme. 
This reagent {2,J-dihydroxy-1,4 dithiolbutane) is generally 
employed in reducing disulfide bonds under relatively mild con-
ditions (43). The two step reaction with proteins proceeds via 
reactions {i) and (ii)a 
(i) RSSR' + HS-CH2 (CHOH)2CH2-SH ' ' 
RSH + R1 -SSCH2(CHOH)2CH2SH 
(ii) 
+ R'SH 
The formation of an intra-molecular six-membered ring greatly 
favors the forward reaction and enhances the effectiveness of the 
reagent in reducing disulfide bonds. 
The resistance of the disulfide bonds in native RNase to 
reduction by this reagent has been noted previously (23,130). 
126 
~0wever, some disruption of the native structure resulting in the 
production of 0.5 moles of cysteine has been reported to occur 
after exposure to the reagent for a period of one hour under 
nitrogen (176) and in the absence of phosphate at pH B•o. There-
fore, the stability or the CD spectrum of native RNase in the 
presence of Cleland's reagent is not surprising, especially in 
view of the fact that CD measurements were carried out in phosphate 
buffer. 
The effect of Cleland's reagent on irradiated RNase after 
twenty minutes exposure at room temperature (0.1 M phosphate buffer 
at pH 7.0} is presented in Fig. 27. A decrease in ellipticity 
from lJS deg. cm2/decimole to 105 deg. cm2/decimole is observed 
at 275 nm. At the same time a small increase in ellipticity takes 
place over the entire JOO nm to J50 nm region. Irradiation.alters 
the native conformation by disrupting disulfide and hydrogen bonds. 
Such a change in protein e.onformation would therefore tend to in-
crease the susceptibility of the protein towards chemical reduction. 
It is interesting to note that the 239 nm CD band present in 
native RNase, which shifts to 250 nm upon irradiation and decreases 
the enzyme activity by 50%, is not shifted further upon the add-
ition of the reagent. The 275 nm CD band is decreased, however, 
and the decrease presumably results from the further disruption of 
disulfide bonds. Changes in the CD spectrum at 275 nm may there-
fore occur without simultaneous changes in the 250 nm extremum. 
4 
It appears, then, that the intactness of certain disulfide 
bonds is not necessary for maintaining the local environment of 
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Fig. 27. Circular dichroism of irradiated RNase C.54~ 
12? 
enzymie activity) in the presence of Cleland's reagent at room 
temperature. __ -- ~native RNase, ---- irradiated RNase (54% 
activity), and --- - -- irradiated RNase in the presence of Cleland's 
reagent (4 x 10-J M)• RNase concentration is 1.3 x 10-4 ! in 
0.1 M sodium phosphate buffer, pH 7.0. Pathlength is 5.0 mm. 
- < 
Irradiated RNase allowed to stand at room temperature for 20 min. 
in the presence of Cleland's reagent (4 x 10-3 !>• 
tyrosyl residues associated with the generation of the 250 nm 
extremum. Thus, specific cystine residues may not be essential 
for maintaining the overall integrity of the RNase molecule. 
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Since the disruption of certain disulfide bonds does not 
appear to be associated with alterations in the environment of 
tyrosyl residues, a component of the initial decrease in elliptic-
ity and the shift of the 239 nm CD band upon irradiation may arise 
from a direct effect of the ultraviolet light on the tyrosyl 
chromophore. 
The CD spectrum obtained at J0 c. after the addition of 
Cleland's reagent to irradiated RNase at the same temperature 
exhibits similar changes in ellipticity. A decrease in the 
effectiveness of the reagent may be seen in Fig. 28, as evidenced 
by the smaller change in ellipticity at 275 nm and the less 
pronounced increase noted above JOO nm. These results are prob-
ably due to an overall decrease in the rate of the reaction 
between irradiated RNase and the reagent and/or a decrease in the 
susceptibility of RNase towards the re~gent at lower temperatures. 
The decrease in ellipticity observed at 275 nm at both room 
temperature and at J0 c. may be due in part to the disruption of 
disulfide bonds contributing to the CD at 275 nm, and in part to 
the disruption of the local environment surrounding the exposed 
and/or buried tyrosyl residues. This environment, of course, is 
partly maintained by disulfide bonds. The increase noted at 325 
nm most likely results from the overlap of this band with the 
275 nm band which, in the presence of Cleland's reagent exhibits 
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Fig. 28. Cireular dichroism of irradiated RNase (54% activ-
ity) in the presence of Cleland's reagent at J0 c. ---- native 
RNase at J0 c., ---- irradiated RNase with 54~ activity, and 
~ - -- irradiated RNase at J0 c. in the presence of Cleland's 
. . . 
reagent (4 x 10-J !)• RNase concentration is 1.3 x 10-4 ~ in 0.1 
~sodium phosphate buffer, pH 7.0. Pa.thlength is 5.0 mm. Irrad-
• 0 iated RNase allowed to stand at J c. for 20 min. in the presence 
Of Cleland 1 s reagent (4 X 10-J m>• All spectra obtained at J°C. 
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decreased ellipticity. 
4. Beta Mercaptoethanol 
An excess of beta mercaptoethanol is normally used to reduce 
native RNase under denaturing conditions at pH 8.o. Titration of 
denatured RNase with both PCMB and Ell~.a.n•s reagent indicates that 
under these conditions eight sulfhydryl groups, as the mercaptide 
ion, are formed {4,59,142,190,202). The reaction between RNase 
disulfide bonds with an excess of this reagent proceeds via the 
formation of an intermediate species, RSSR', shown below (i). 
(i) RSSR + R'S " > RSSR' + RS-
' 
In this equation, RSSR represents that portion of the polypeptide 
chain containing the disulfide residue, and R'S- represents the 
mercaptide ion of mercaptoethanol. The intermediate species 
(RSSR') subsequently interacts with a second molecule of mercap-
toethanol to give the second half-cystine residue (ii). 
(ii) RSSR' + R'S ~ R'SSR + RS-
The addition or a ten-fold molar excess or this mercaptothiol 
to native RNase in 0.1 ! sodium phosphate, pH 7.0, does not pro-
duce any reaction detectable by a change in the 275 nm CD extremum. 
This lack of reactivity between aqueous RNase solutions and mer-
eaptoethanol has been reported previously (140). 
The CD spectrum before and after the addition or mercapto-
ehtanol to irradiated RNase is sho~m in Fig. 29. RNase maintain-
~ 
ing 65~ original activity is characterized by an ellipticity of 
180 deg. cm2/decimole at 275 nm and a positive ellipticity of 
1.31 
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Fig. 29. Circular dichroism of irradiated RNase (65% aetiv-
i ty) in the presence of beta meroapteethanol. ~native RNase, ]?. 
irradiated RNase with 65% original activity, and £irradiated 
RNase in the presence of a 10-fold excess of beta mercaptoethanol. 
-4 
RNase concentration is 1.3 x 10 M in 0.1 ! sodium phosphate buf-
fer, pH 7.0. Irradiated RNase (65% original enzyme activity) 
f 
allowed to react at room temperature for 20 min. with a 10-fold 
molar excess of beta mercaptoethanol. Pathlength is 5.0 mm. 
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12 deg. cm2/decimole at 325 nm. After exposure to a ten-fold 
molar excess of mercaptoethanol at pH 7.0 for twenty minutes, the 
CD at 275 nm is decreased to 150 deg. cm2/decimole and the 325 nm 
CD is increased to 18 deg. cm2/decimole. No shift of the 250 nm 
band is noted. 
Generally, the effects of mercaptoethanol and Cleland's 
reagent on the CD spectra of native and irradiated RNase are 
similar. The decrease in ellipticity at 275 nm upon addition of 
the mercaptoethanol to RNase maintaining 65% original activity may 
be due to the breakage of disulfide bonds and disruption of the 
local side-chain environment. The reduction of overlap of the 
)25 nm CD band with the now less intense 275 nm CD band may be the 
cause of the observed increase of ellipticity at 325 nm. 
5. Effect of pH 
a. CD of Native RNase at Various pH's 
The effect of sequential pH change on the CD spectrum of 
native RNase at room temperature is shown in Fig. JO. In Tris 
buffer at pH 7.2 unirradiated RNase exhibits extrema near 241 nm 
and 275 nm. Upon raising the pH to 11.5 the negative CD band is 
enhanced by about 40 deg. cm2/decimole and the extremum is shifted 
to 287 nm. The three exposed tyrosine residues or RNase are known 
to undergo reversible ionization in the pH region between 7.2 and 
11,5 (16),187). Si~ilar pH dependent CD changes have been reported 
by other laboratories (141,166). It appears that at pH 11.5 the 
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Fig. JO. Circular dichroism of native RNase at various pH 
values. ---- native RNase, pH 7,2, ~ - ~native RNase, pH 11.5, 
&&&& native RNase, pH 12.?, and ---- native RNase decreased direct-
ly from pH 12.7 to pH 2.5. RNase concentration is 1.3 x 10-4 M in 
0.01 ! Tris-HCl buffer at pH 7.2. pH sequentially increased by 
I 
the addition of concentrated NaOH and subsequently decreased to 
pH 2.5 with concentrated HCl. Pathlength is 5.0 mm. 
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small positive band near 241 nm in native RNase becomes intensi-
fied and possibly red-shifted. A similar shift of position and 
increase in ellipticity has been reported for the ionization of 
N-acetyl-L-tyrosinamide when the pH is raised to 11.5 (166). When 
the pH of the native RNase solution at 11.5 is raised to 12.7 the 
negative CD band is abolished but positive circular dichroism 
persists below 290 nm. In these measurements, at pH 11.5 and 
above, unfavorable signal to noise ratios precluded adequate 
resolution of the CD below 255 nm. 
The effect of raising the pH from 7.0 directly to 12.75 for 
native RNase in 0.1 ]!! sodium phosphate is depicted in Fig. 31. 
The·co recorded with a modified Jasco polarimeter (SP-10 modifica-
tion) twenty minutes after alkalinization, is characterized by an 
intense positive band of approximately 170 deg. cm2/decimole at 
the band maximum at 250 nm. The region of positive ellipticity 
extends to approximately JOO nm. On the short wavelength side of 
the maximum the ellipticity decreases rapidly to -150 deg. cm2/ 
decimole at 242 nm. This rapid decrease, together with the marked 
asymmetry of the 250 nm band suggests an intensification of the 
negative ellipticity in the far ultraviolet region induced by 
alkaline denaturation. 
Spectral titrations of RNase indicate that, in the 290-310 nm 
region, the three buried tyrosine residues ionize only at pH 
values greater ~han 12 (163,187). Similar results were obtained 
in the present study. Furthermore, the difference in extinction 
at 287 nm between native RNase at neutral pH and RNase exposed to 
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Fig. Jl. Circular dichroism of native RNase at pH 12.75. 
--~- native RNase, pH 12.75. RNase concentration is 1.3 x 10-4 M 
in 0.1 ! sodium phosphate buffer, pH 7.0. pH directly increased 
from 7.0 to 12.75 with concentrated NaOH. Pathlength is 5.0 mm. 
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strong alkali has been found to correspond to the normalization of 
the three buried tyrosines (29). It appears that at high pH RNase 
undergoes irreversible alkaline denaturation due primarily to the 
destruction of disulfide bonds (41). The for~.ation under alkaline 
conditions of a new amino acid, lysinoalanine, has been in fact 
established (JJ). Also, polymerization and molecular eggregation 
'fJIAY aceompany the process of alkaline denaturation (JJ). It is 
therefore not surprising that extensive changes in ellipticity 
occur at 275 nm as well as in the peptide region upon exposure of 
RNase to strong alkali. 
If the pH of RNase maintained at 12.7 is dropped rapidly to 
2.5, a slight CD minimum appears in the 270 nm to 290 nm region 
and an extremum appears at the baseline near 265 nm (Fig. JO). 
After this treatment, the CD spectrum of native RNase in the near 
ultraviolet region is nearly abolished indicating extensive loss 
of tertiary structure. The previously reported development of an 
odor of hydrogen sulfide and a slight yellow tinge (140} were also 
noticeable in the present studies. Irreversible chemical changes 
involving disulfide bonds apparently occur under these conditions. 
b. Effect of Alkalinization on the Circular Diehroism 
Spectrum of Irradiated Ribonuclease 
The CD spectrum of RNase irradiated to 21% original activity 
and treated with alkali is shown in Fig. 32. RNase at pH 7.2 
• 
immediately after irradiation is characterized by a minimum near 
2?5 nm of 60 deg. cm2/decimole and a positive band in the 310-
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Fig. 32. Circular dichroism of irradiated RNase (21% 
residual activity) at several pH values. -- - -- irradiated RNase 
(21% activity}, pH 7.2, ---- irradiated RNase, pH 11.5, and -----
. . -4 
irradiated RNase, pH 12.7. RNase concentration is 1.3 x 10 M 
in 0.01 ! Tris-HCl buffer, pH 7.2. pH of irradiated RNase raised 
" sequentially from 7.2 to 11.5 and 12.7 by addition of concentrated 
NaOH. Pa.thlength is 5.0 mm. 
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,30 nm region of JO deg. cm2/decimole. When the pH is raised to 
11•5 the negative band is abolished and an increase in ellipticity 
in the 320 nm region to SO deg, om2/decimole is n~ted. A region 
of positive ellipticity is also present below 265 nm. It should be 
noted that a similar shift from near 227 nm at neutral pH to longer 
wavelengths is also observed upon alkalinization of free tyro-
sinamide (166). 
A three-fold increase in ellipticity at 325 nm occurs upon 
raising the pH to 12.7, relative to the 325 nm ellipticity at pH 
7,2 immediately after irradiation. Since at alkaline pH the con-
centration of enzyme used in the present studies resulted in low 
signal to noise ratios the CD below 255 nm was not recorded under 
these conditions, 
In later experiments, a satisfactory recording of the CD 
spectrum of irradiated RNase at pH 12.75 in the region from 370 nm 
to 242 nm became possible using the modified spectropolarimeter 
which is characterized by highly improved performance. The CD of 
RNase maintaining 33% original activity at pH 7.0 immediately 
after irradiation {not shown in the figure) exhibits extrema at 
325 nm, 275 nm, and 255 nm with ellipticities of +42, -105, and 
160 deg. cm2/decimole, respectively. Upon raising the pH directly 
to 12.75 and allowing the solution to stand for twenty minutes, 
two bands are observed as shown in Fig. 33, The shorter wave-
length band has a maximum ellipticity of 170 deg. cm2/decimole at 
• 
250 nm. The longer wavelength band has a mximum ellipticity near 
323 nm of 96 deg. cm2/decimole. The two overlapping bands are 
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Fig. 33. Circular dichroism of irradiated RNase (33% activ-
. ity) at pH 12.75. --- - -- irradiated RNase (33% activity) at pH 
12.75. RNase concentration is 1.3 x 10-4 M in 0.1 ! sodium 
• 
phosphate buffer, pH 7.0. Irradiated RNase (J3%) increased from 
?.O to 12.75 with concentrated NaOH. Pathlength is 5.0 mm. 
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characterized by a minimum at 282 nm of 20 deg. cm2/decimole. 
It should be noted that the ellipticities at 250 nm at pH 
12.7 for irradiated RNase are identical to those noted for native 
ffNase at the same pH. Apparently, the changes in the ellipticity 
upon alkalinization are far more pronounced than the changes 
brought about by irradiation, and as a result, the latter effect 
is masked when the pH is raised after irradiation. 
The position of the 325 nm CD band and the 309 nm absorption 
band of irradiated RNase at neutral pH is consistent with.the 
absorption characteristics of disulfide bonds in a strained con-
figuration. Strained disulfide bonds, such as that present in 
cyclic alkyl disulfides whose dihedral angle is less than 90°, 
exhibit absorption maxima in the 310-320 nm region (22). It is 
conceivable that as a result of irradiation intact disulfide bonds 
may be frozen into a strained configuration. However, the exist-
enc~ of the 325 nm CD band at pH 12.75 under conditions favoring 
the destruction of disulfide bonds suggests that the 325 nm band 
does not originate from disulfide bonds. 
c. Effect of Acid pH on the Circular Dichroism Spectrum 
of Native and Irradiated Ribonuclease 
The effect of acid pH on the CD of native RNase is shown in 
Fig. 34. At neutral pH the spectrum is characterized by a neg-
ative extremum near 275 nm of 246 deg. cm2/decimole, and a positive 
extremum near 239 nm of 84 deg. cm2/decimole• At pH 2.0 the 
spectrum is superimposable with that of native RNase from 285 nm 
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Fig. J4. Circular dichroism of native RNase at acid pH. 
-- - ~native RNase, pH 7.0, ---- native RNase, pH 2.0, and 
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---- native RNase, pH ?.O after increasing pH from 2.0 with NaOH. 
RNase concentration is 1.3 x 10-4 ! in 0.1 M sodium phosphate 
buffer, pH 7.0. pH of RNase lowered from 7.0 to 2.0 with con-
centrated HCl and subsequently raised to 7.0 with concentrated 
NaOH. Pathlength is 5.0 mm. 
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to 330 nm and from 250 nm to 268 nm. Between 285 nm and 268 nm, 
however, the spectrum exhibits lower circular dichroism. An ellip-
• 
ticity of 237 deg. cm2/decimole is noted at the 275 nm extremum. 
Also, the 239 n.~ extremum is decreased to J6 deg. cm2/decimole. 
Upon raising the pH from 2.0 to 7.0, the ellipticity is 
restored at both 275 nm and 239 nm to that noted for the native 
protein at neutral pH. Thus, the effect of acidification appears 
to be reversible at room temperature. It has been reported that 
at pH 2.0 changes in the molar extinction coefficient at 287 nm 
relative to native RNase at neutral pH, reflect the disruption of 
interactions between buried tyrosines and carboxylate side-chains 
(88-9). Specifically, the T'yr 92-Asp 38 pair and to a lesser 
extent the Tyr 25-Asp 14 pair are thought to be involved (148). 
The reversibility of this deprotonation appears to be confirmed by 
these results. The assignment of the 239 nm CD band, at least in 
part, to T'yr 25 appears consistent with the decrease of ellipticity 
observed upon normalization. 
The CD of irradiated RNase at acid pH is shown in Fig. 35. 
For RNase immediately after irradiation and maintaining 33% 
original activity the ellipticities at J25 nm, 275 nm, and 256 nm 
are +J9, -105, and -60 deg. cm2/deeimole, respectively. When the 
pH is lowered to 2.0, the 325 nm CD band is eliminated and the 
275 nm CD band is decreased to 72 deg. em2/decimole. Also, the 
extremum noted at 256 nm in irradiated RNase at pH 7.0 is shifted 
to 258 nm and decreased in intensity to -51 deg. em2/decimole. 
Lowering the pH increases the negative ellipticity at 250 nm from 
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Fig. 35. Circular dichroism of irradiated RNase {33% activ-
ity) at acid pH. -- - -- irradiated RNase, pH 7.0, ----- irradiated 
RNase, pH 2.0, and ---- irradiated RNase, pH 7.1 after increasing 
pH from 2.0 with NaOH. RNase concentration is 1.J x 10-4 ~ in 
0.1 ! sodium phosphate buffer, pH 7.0. pH of irradiated RNase 
lowered from 7.0 to 2.0 with concentrated HCl and subsequently 
raised to pH 7.1 with concentrated NaOH. Pathlength is 5.0 mm. 
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-75 to -105 deg. cm2/decimole. 
If the pH of this solution is then raised to 7.1. the 325 nm 
band reappears but with a somewhat lower ellipticity, namely 27 
deg. cm2/decimole. In the region between 284 nm and 295 nm the CD 
of RNase at pH 7.0 immediately after irradiation is identical to 
that of RNaee following acidification and back titration to neu-
trality. Below 285 nm, however, some minor differences in ellip-
ticities are noted. Therefore, the effect of acidification on the 
CD spectrum of irradiated RNase does not appear to be completely 
reversible. 
The interaction between buried tyrosines and carboxylate 
side-chains, which may be reversibly disrupted at low pH, are 
irreversibly disrupted by boiling at low pH (29). An irreversible 
disruption of these interactions appears to also accompany the 
acidification of irradiated RNase. 
The elimination of the 325 nm CD band upon acidification may 
be due to the protonation of a chromophore, produced by ultra-
violet irradiation, which gives rise to optical activity. Proton-
ation most likely is accompanied by a reduction of both the optical 
activity and ultra.violet absorptivity associated with the new 
chromophore. At neutral pH, then, the 325 nm CD band may origin-
ate from the partially deprotonated form of the new species. It 
would appear that deprotonation favors an increase in the optical 
activity of the chromophore. 
4 
The diminution of the ellipticity at 325 nm noted upon lower-
·ing the pH from neutrality to pH 2.0 suggests that the CD at 
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JZS nm may in part be dependent on the tertiary structure of the 
irradiated enzyme. At pH 2.0, under appropriate conditions, 
tyrosine interactions with carboxylate side-chains may be irre-
versibly disrupted. Acidification of irradiated RNase may sim-
ilarly interrupt certain aromatic interactions and result in 
iocalized alterations in conformation. Such alterations may 
affect the environment of the new chromophore, resulting in a loss 
of optical activity. 
d. Circular Dichroism Spectral Titration at 320 nm 
Additional information on the effects of ,PH on the intensity 
of the 320 nm CD band was obtained by CD spectral titrations. The 
ellipticity change at 320 nm for irradiated RNase is plotted versus 
pH in Fig. 36. The pH is progressively raised upon the sequential 
addition of sodium hydroxide. The ellipticities are not corrected 
for dilution. However, because of the high concentrations of 
titrant that are used• dilution does not exceed 1-2% and, there-
fore, does not significantly alter the presentation of the results. 
It can be seen that irradiation of RNase to approximately 10~ 
activity results in an ellipticity change at 320 nm of 40 deg. cm2/ 
decimole. Upon gradually raising the, pH a continuous but small 
increase in molar ellipticity is observed which reaches 55 deg. 
cm
2/Qecimole at pH 10.5. Upon further alkalinization a large in-
crease in the rawiitude of the ellipticity at 320 nm is noted. At 
PH 12.5 the ellipticity change reaches a value of 105 deg. em2/ 
decimole. 
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Fig. 36. Circular dichroism spectral titration at 320 nm of 
irradiated RNase maintaining 10% original activity. RNase con-
centration is i.J x 10-4 ~ in 0.1 M KCl, pH 7.1. Irradiated 
RNase was titrated with concentrated NaOH. 
14? 
It is pertinent to note here that the increases in optical 
activity at J20 nm that accompany the CD spectral titration of 
irradiated RNase occur in the same pH region as the increases in 
extinction that accompany the ionization of phenolic hydroxyl 
groups. 
6. Effect of Urea 
The effect of urea on the CD of irradiated RNase can be seen 
in Fig. J7. Solid urea was added to RNase maintaining 45% orig-
inal activity such that the final solution was 7.0 ! with respect 
to the reagent. The intensity of the 275 nm band of RNase in 7.0 
M urea is reduced from 100 deg. cm2/decimole to 50 deg. cm2/dec-
imole and some increase in ellipticity is observed in the JOO nm 
to 320 nm region. The CD of RNase in urea crosses the baseline at 
290 nm. The CD of RNase immediately after irradiation in the 
absence of urea_, on the other hand, crosses the baseline at 297 
run. Urea at this molar concentration disrupts hydrogen bonding 
forces and thus renders the buried tyrosines accessible to the 
solvent (32). 
The CD spectrum of native RNase in 8.0 ! urea at pH 8.0 is 
reported to consist of two bands, one near 250 nm and the second 
near 275 nm. The 240 nm band, characteristic of native RNase, is 
absent and the 275 nm band, also characteristic of the protein, is 
reduced by approximately 40~ in ellipticity (141). Alkalinization 
of RNase in 8.0 ~urea to pH 11.0 results in a further reduction 
of the ellipticity at 275 nm to approximately 10% of the value 
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Fig. 37. Circular dichroism of irradiated RKase (45% orig-
inal activity) in 7 M urea at various pH values. ~ -- ~ irrad-
iated RNase, pH 7.2, ~ irradiated RNa.se, pH 7.4 in 7 ! urea, 
~ - ~ irradiated RNase, pH 11.5 in 7 ! urea, ---- irradiated 
RNase, pH 12. 5 in 7 M urea, 6. ~ on baseline at pH 2. 5 after add-
ition of HCl to RNase-urea at pH 12.5, and --.- unirradiated RNase 
in 7 .M urea at pH 11.5. RNase concentration is 1.3 x 10-4 M in 
0.01 M Tris-HCl buffer, pH 7.2. Solid urea added to irradiated 
RNase and pH sequentially increased to 12.5 with concentrated 
sodium hydroxide and subsequently lowered to 2,5 with concentrated 
HCl. Pathlength is 5.0 mm. 
noted at pH 8.0 (141). The results shown in Fig. 37 obtained at 
pH 11.5 in 7.0 ]:! urea are similar to those described above. At 
275 nm a residual ellipticity of 40 deg. cm2/decimole extending to 
longer wavelengths is also observed. 
An increase in the pH of irradiated RNase in urea from 7.4 to 
11.5 is accompanied by an increase in ellipticity in the 290 nm to 
J50 nm region. A positive shoulder becomes apparent in the region 
between Z?O nm to 290 run. At 270 nm the CD is reduced to zero but 
it is subsequently increased to JO deg. cm2/decimole with a max-
imum at 260 run. A further increase to 75 deg. cm2/deeimole near 
315 nm is observed at pH 12.5. A complete elimination of the near 
ultraviolet CD is observed when the pH of irradiated RNase in 7.0 
! urea is raised subsequently from pH 7.4 to 11.5 and 12.5 and 
then lowered to 2.5. 
In a denaturing solvent, such as urea, all six tyrosine res-
idues are normalized. Since the RNase molecule is extensively 
unfolded, it may be expected that the interactions that imparted 
optical activity to the exposed tyrosine residues in native RNase 
are no longer maintained to a significant extent in urea. Simi-
larly, the previously buried and now accessible tyrosines would 
also not be expected to exhibit significant optical activity in 
urea. Therefore, the very presence of the 275 nm CD band in urea, 
although with lower ellipticity, suggests that this band receives 
substantial contributions from disulfide bonds • 
• The decrease in ellipticity at 239 nm and shift of this 
extremum in native RNase to 250 nm in the presence of urea is also 
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consistent with the normalization of buried tyrosyl residues. The 
results of increasing the pH of RNase in urea to 11.5 are similar 
to those obtained by raising the pH of native aqueous RNase to pH 
12.75. In both instances, the aide-chain optical activity at 275 
nm is drastically reduced and an intensification of the elliptic-
ity near 242 nm due to the ionization of exposed tyrosines is 
noted. In native RNase, the three buried residues cannot ionize 
until the protein is denatured by alkali at pH values greater than 
12, while for RNase in 7.0 ! urea the buried tyrosines have become 
accessible and free to ionize at a lower pH. 
It is not surprising to observe some residual ellipticity 
near 275 nm in native RNase in urea at pH 11.5 since at this pH 
the chemical destruction of disulfides has probably not yet begun. 
In contrast, a complete elimination of the 275 nm CD of aqueous 
RNase at pH 12.75 is noted. The residual ellipticity for unirrad-
iated RNase in urea may correspond to disulfide transitions, not 
necessarily the same as those present in the native molecule. 
The further shift of the 255 nm CD extremum to shorter wave-
lengths and the decrease in the 275 nm CD in irradiated RNase upon 
the addition of urea suggest that ultraviolet irradiation to 4S% 
original activity only partially disrupts the asymmetric trans-
itions associated with the 255 and 275 extrema, and that the 
presence of urea may complete this process. 
The effects of alkalinization on both irradiated RNase (Figs • 
• 
32,JJ) and irradiated RNase in urea (Fig. 37} are similar. In 
both instances, raising the pH from neutrality to 11.5 eliminates 
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the 275 nm CD band and intensifies the 325 nm band. The spectra 
in both systems exhibit a short wavelength shoulder near 280 nm 
and positive ellipticities near 260 nm. 
Raising the.pH of irradiated RNase in 7.0 M urea above 12 
also increases the ellipticity of the 325 nm CD band. The 
presence of the J25 nm CD band in a hydrogen bond breaking solvent 
such as urea implies that part of the J25 nm ellipticity in irrad-
iated RNase is not dependent on the conformation of the protein. 
The pH region from 11.5 to 12.5, in which an increase in 
ellipticity was observed at J25 nm for irradiated RNase in urea, is 
associated with the ionization of phenolic residues (Chapter III,E). 
The increase in ellipticity at 325 nm appears to parallel the in-
crease in pH, and correspondingly, the ionization of aromatic 
residues. The parallelism noted above suggests that the optically 
active transition responsible for the 325 nm CD band may be derived 
from an aromatic residue. 
7. Irradiation of Ribonuclease at Acid pH 
The CD spectra of native crystalline RNase and irradiated 
RNase at pH J.O in sodium acetate buffer is shown in Fig. )8. 
Upon irradiation a decrease in ellipticity of the 275 nm CD band 
fr.om 195 deg. em2/decimole for the native to 120 and 90 deg. crp.2/ 
decimole are observed for RNase maintaining 50% and 25% original 
enzymic activity, respectively. A shift of the 242 nm extrernum to 
• 255 nm is also noted. It is striking, however, that at this pH 
irradiation produces no increase in ellipticity in the JOO nm to 
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Fig. JS. Circular dichroism of RNase irradiated at acid pH. 
---- native RNase, pH 3.0, ~ - ~ irradiated RNase, pH 3.0 with 
50% original activity, and irradiated RNase, pH 3.0 with 25% 
original activity. RNase at a concentration of 1.3 x 10-4 M in 
0.01 sodium acetate _buffer, pH 3.0. Pathlength is 5.0 mm. 
~JO nm region similar to that noted upon irradiation at neutral 
p:H· 
153 
At low pH the interaction between one tyrosine-carboxylate 
pair and possibly the interaction between a second tyrosine-
carboxyla te pair may be disrupted (88-9) resulting in some minor 
alterations in the tertiary structure of RNase. 
It appears, then, that the 325 nm CD band is not generated 
under conditions which disrupt the native conformation. It may be 
concluded that the formation of the photoproduot responsible for 
the 325 nm CD band greatly depends on the local environment of 
certain amino acid residues which is maintained intact in the 
tertiary structure of the native enzyme. The failure to observe a 
new CD band upon irradiation of RNase at low pH suggests that 
tyrosine residues may be involved in the forrr.ation of the photo-
product since at low pH modifications in the environment of tyro-
sine residues appear to be t:ell-correla ted with changes in RNase 
tertiary structure. It must be pointed out that other as yet un-
defined conformational alterations involving chromophores other 
than tyrosine may also occur at low pH. 
8. Irradiation of Ribonuclease at Alkaline pH 
a. Results at pH 11.2 
The spectra of RNase irradiated at pH 11.2 and 12.2 are shown 
respectively in Figs. 39 and 40. The extent of irradiation is 
expressed as time of irradiation rather than as percent of orig-
inal activity in view of the irreversible alkaline denaturation 
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Fig. J9. Circular dichroism of RNase upon irradiation at pH 
11.2. ---- RNase irradiated at 11.2 for 90 minutes and -- - --
for 240 minutes. RNase concentration is 1.3 x 10-4 ! in 0.1 ! 
4 
sodium phosphate buffer, pH 11.2. Irradiations performed for 90 
minutes and 240 minutes. Pathlength is 5.0 mm. 
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Fig. 40. Circular dichroism of RNase upon irradiation at pH 
12.2. ---- RNase irradiated at 12.2 for 90 minutes and ~ -
for 240 minutes. RNase concentration is 1.3 x 10-4 M in 0.1 M 
' 
sodium phosphate buffer, pH 12.2. Irradiations performed for 90 
minutes and 240 minutes. Pa.thlength is 5.0 mm. 
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and the accompanying deactivations of RNase occuring at high pH. 
Irradiation of RNase at pH 11.2 for 90 and 240 minutes 
results in the appearance of a markedly asymmetrical band near J20 
nm with ellipticities of 18 and 27 deg. cm2/decimole, respectively. 
Unirradiated RNase at pH 11.5 exhibits a negative extrernum of 
2JO deg. cm2/decimole at 287 run. Irradiation for 90 and 240 min-
utes at pH 11.2 reduces ellipticities at the extrema to 114 and 60 
deg. cm2/decimole, respectively. The CD spectrum of unirra.diated 
RNase at pH 11.; crosses the baseline near 257 nm. On the ether 
hand, the CD of RNase after 90 minutes irradiation crosses the 
baseline at 259 nm and after 240 minutes, at 260 nm. This pro-
gressive shift of the crossover point to longer wavelengths upon 
irradiation may indicate that ellipticities at wavelengths telow 
257 nm increase and/or that the positive band at shorter waye-
lengths shifts to longer wavelengths upon irradiation. 
As previously noted, RNase irradiated at pH 7.2 and maintain-
ing 21~ original activity exhibits at pH 11.5 a positive elliptic-
ity of 51 deg. cm2/decimole at J20 nm. By comparison irradiation 
of RNase at pH 11.2 for 240 minutes produces a positive CD band of 
27 deg. em2/decimole. In view of the fact that irradiation of 
RNase for 240 minutes at pH 7.0 would have resulted in 27% original 
activity, it appears that irradiation of the enzyme at pH 11.2 
results in the decreased formation of the 325 nm CD band. ~ne 
Possible reasons for the decreased formation of the 325 nm band 
1 
Will be discussed in the subsequent section in conjunction with 
the results obtained for irradiation at pH 12.2. 
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b. Results at 12.2 
Irradiation of RNase at pH 12.2 was performed in a similar 
inanner as irradiation at pH 11.2. The results are presented in 
fig• 39• Upon irradiation for 90 minutes the band at JlO nm 
develops an ellipticity of JO deg. cm2/decimole. After 240 min-
utes an ellipticity of 40 deg. cm2/decimole is noted. A second 
positive CD band also becomes apparent near 280 nm with a magni-
tude of 15 and 20 deg. cm2/decimole for the 90 and 240 minute 
irradiation intervals, respectively. Whether this band is related 
to the shoulder observed for irradiated RNase in urea at pH 11.5 
(Fig. 37) or the shoulder observed for RNase at pH 11.5 after 
irradiation at neutral pH is not clear. 
Inspection of the CD spectra obtained upon irradiation at pH 
11.2 for 90 and 240 minutes and those obtained at pH 12.2 indi-
cates that at pH 11.2 the position of the new positive extremum 
lies near JOS nm. The ~egative extrema near 285 nm at pH 11.2 
clearly overlap the positive bands and are responsible for the 
markedly asymmetric appearance of the longer wavelength band. 
Comparison of the CD spectra at pH 11.2 and 12.2 reveals that the 
ellipticity of the new positive extremum at pH 11.2 is lower for 
each irradiation interval in comparison to RNase irradiated for 
the same interval at pH 12.2. Some part of the lowered ellipticity 
near 315 nm at pH 11.2 is undoubtedly due to overlap with the 
stronger, negativ~ band near 285 nm. CD spectra obtained at ele-
lated temperatures, which are discussed in a succeeding section 
also indicate that the intensity and position of the CD band 
generated upon irradiation is influenced by the presence of the 
negative extremum near 280 nm. 
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Irradiation of RNase at pH 12.2 for 240 minutes, which would 
result in 27% original activity if irradiation had been carried 
0ut at pH 7.0, produces an ellipticity at the positive extremum of 
40 deg. cm2/decimole. In contrast, RNase irradiated at pH 7.0 
and maintaining J3% original activity, exhibits an ellipticity of 
96 deg. cm2/decimole at pH 12.75. The difference in pH between 
RNase irradiated at pH 12.2 and RNase irradiated at neutral pH and 
subsequently exposed to pH 12.75 is not sufficiently pronounced to 
account for the lowered ellipticity of the positive extremum noted 
for the former. In fact, RNase irradiated at pH 12.2 would have 
maintained a lower percent original activity (27%) than RNase 
irradiated at neutrality (JJ%), and would have been expected to 
exhibit a larger positive ellipticity. Thus, it appears that 
irradiation at pH 12.2 results in greatly decreased ellipticity at 
the positive extremum in comparison to the ellipticity noted at 
the same wavelength upon irradiation at lower pH. 
The magnitude of the ellipticity of the J25 nm CD band there-
fore appears to depend on the pH at which native RNase is irrad-
iated. The influence of pH in determining the ellipticity ~.ay be 
interpreted on the basis of alterations in energy transfer and/or 
conformational alterations in the protein as discussed below. 
The probabili~y ~nd specificity of photochemical reactions 
induced by ultraviolet light at 254 nm may depend on effective 
~ansfer of excitation energy from Phe--1Tyr, Tyr----tTyr, and 
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iryr--7·Cys (Chapter I). Such energy transfers not only play a 
crucial role in sensitizing the disruption of specific cystine 
residues but may also promote chemical reaction between certain 
aromatic amino acid residues. Thus, if the generation of the J25 
nm CD band is at least in part a function of the specific inter-
action between aromatic residues, most likely tyrosine, it is 
clear that conditions which do not favor energy transfer will also 
not favor the formation of the chromophore from which the optical 
activity of the 325 nm CD band is derived. 
It should be noted that at pH 11.2 a greater proportion of 
the incident ultraviolet light is absorbed by tyrosine residues in 
comparison to the percent absorption of ultraviolet light by tyro-
sine residues at pH 7.0. However, at the same time, ionization of 
the phenol ring and transition into the phenolate form is known to 
quench tyrosine fluorescence (57,64). Under conditions of alka-
line pH that apparently reduce electronic excited state interact-
ions among aromatic residues the localization of sufficient ultra-
violet energy at specific aromatic loci is less probable and 
therefore the probability of efficient chemical reaction is also 
reduced. 
At pH 11.2 efficient energy transfer is reduced not only 
among ionized-exposed tyrosine residues but also between ionized-
exposed residues and un-ionized buried residues. For irradiated 
RNase at pH 11.2 the ultraviolet-induced unfolding of the molecule 
would favor the ionization of the previously buried tyrosine res-
idues and thus reduce energy transfer still further. 
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At pH 12.2 energy transfer would be reduced for all tyrosines 
since at this pH the conformational alterations accompanying the 
alkali-induced denaturation would permit deprotonation of all six 
tyrosines. Also, at this pH, disulfide bonds are destroyed {33, 
41), and, therefore, the presumed localization of ultraviolet 
energy at tyrosine residues adjacent to cystines is not possible. 
This change is again expected to reduce the probability of tyro-
sine reaction with other residues. At alkaline pH values, then, 
the reduction of the 325 nm band is not unexpected in view of the 
unfavorable conditions for production of the chromophore. 
The decreased ellipticity of the near ultraviolet positive 
extremum noted upon irradiation at both pH 11.2 and 12.2 in com-
parison with irradiation at neutral pH may also be due to confor-
mational alterations in RNase which take place at alkaline pH. 
During irradiation at pH 11.2 previously inaccessible tyrosine 
residues may become ionized and tyrosine-carboxylate interactions 
which at neutral pH contribute to the stabilization of the native 
conformation may be disrupted. It is also reasonable that the 
conformational alterations induced by ultraviolet light may render 
disulfide bonds susceptible to reaction with hydroxyl ions at pH 
11.2 and thus disrupt RNase conformation to a greater degree. At 
the alkaline pH of 11.2 the high concentration of negative charges 
may also affect other as yet undefined stabilizing interactions. 
At pH 12.2 the degree of disorganization of RNase eonforma-
' 
tion is intensified relative to that at pH 11.2 since at the 
higher pH all three inaccessible tyrosine residues are normalized. 
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Furthermore, at this pH chemical changes occur which result in the 
destruction of disulfide bonds and extensive loss of tertiary 
structure. 
The reduced formation of the new CD band upon irradiation at 
both pH 11.2 and 12.2, under conditions in which RNaee tertiary 
structure is altered, suggests that the formation and nature of 
ultraviolet photoproducts may in part be influenced by ravorable 
interactions among amino acid residues which are maintained by the 
conformation of the protein. Such favorable interactions may 
therefore be promoted among amino acid residues which are separ-
ated in the primary amino acid structure but maintained in prox-
imity to one another by virtue of the RNase conformation. In 
addition, in the case of tyrosine residues, as noted here and in 
Chapter I, experimental evidence suggests that excited site inter-
actions in fact do occur between these residues in native RNase 
upon ultraviolet irradiation. In the case of tyrosine residues, 
which may be involved in energy transfer and localization pro-
cesses, ultraviolet irradiation may promote interactions between 
specific residues so as to result in the formation of dimeric 
residues of bityrosine. Clearly, the formation of such a bityro-
sine photoproduct would be decreased under conditions in which the 
native conforw.ation is modified, as at alkaline pH values. 
9. Effect of Elevated Temuerature on the Circular Dichroism 
Spectra of Irradiated Ribonuclease 
The CD spectra of irradiated RNase obtained at elevated 
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temperatures are shown in Fig. 41. RNase maintaining 31% original 
activity exhibits at 70°c. extrema near J18 nm, 280 nm, and 260 nm 
with ellipticities of +90, -21. and -30 deg. cm2/decimole, 
respectively. At 90°c. the positive band at J18 nm exhibits an 
ellipticity of 51 deg. cm2/decimole. For the spectrum at 90°c. a 
discernible extremum is present at 280 nm but a gradual increase in 
negative ellipticity upon decreasing wavelength is observed in the 
region from 285 nm to 260 nm. The CD in this region is approx-
imately 10 deg. cm2/decimole lower at 90°c. than at 70°c. Both 
spectra cross the baseline at 285 nm. The increase noted in the 
J18 nm band at elevated temperatures n:ay be due to the decrease of 
overlap with the 275 nm negative ellipticity, as discussed more 
fully in Chapter III,F5. The apparent shift of the extremum from 
J25 nm observed at J 0 c. to J18 nm observed at 70°c. and 90°c. may 
also be due to decreased overlap with the 275 nm band. 
At these elevated temperatures the nearly complete elimina-
tion of tertiary structure is indicated by the low residual ellip-
ticity near 280 nm. At both temperatures, difference spectral 
measurements indicate that one tyrosine, possibly Tyr 97, may 
remain buried (29). As discussed in a previous section, major 
cooperative conformational transitions occur in native and irrad-
iated RNase at 70°c. and 90°c. The persistence of the J18 nm band 
at high temperatures indicates that part of the ellipticity at this 
wavelength is not conformation dependent. 
' 
At 90°c., the ellipticity at J18 nm is decreased approximately 
4o deg. cm2/decimole from that at 70°c .. while a slight decrease in 
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Fig. 41. Circular dichroism at 70°c. and 90°c. of irradiated 
RNase maintaining 31% original activity. -- - -- irradiated RNase 
at 90°c. and ---- irradiated RNase at 70°c. RNase concentration 
is 1.3 x 10-4 M in 0.1 M sodium phosphate buffer, pH 7.0. Spectra 
4 
recorded in conjunction with RNase thermal profiles (see Fig. 18). 
Pathlength is 5.0 mm. 
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the 280 nm CD region is also noted at 90°0. The decrease of CD at 
zBO nm and 318 nm at temperatures above 90°c. is most likely the 
result of destructive chemical reactions which may involve cystine, 
tyrosine, ultraviolet-oxidized tyrosine products, and apparently, 
the chromophore(s) responsible for the 318 nm band. The formation 
of newly titratable groups in irreversible heat denatured RNase 
(29) indicate that in fact chemical changes resulting in the for-
mation of new covalent bonds have occurred. 
I. AMINO ACID ANALYSIS OF IRRADIATED RIBONUCLEASE 
The ultraviolet and CD spectra of unirradiated and irradiated 
RNase strongly suggest that chemical modification of aromatic res-
idues, most likely tyrosine, accompanied the ultraviolet-induced 
inactivation of this enzyme. It was therefore of interest to 
determine the tyrosine content of irradiated RNase and compare it 
to that of the unirradiated protein. 
The amino acid composition of RNase was determined by the 
method of Spackman, Stein, and Moore (175). The areas under the 
peaks of the chromatogram for each amino acid were determined by 
the half-height method and were also checked by compensating plan-
imetry. The results, expressed as the ratio of the area under the 
aspartie acid peak to the area under the tyrosine peak, are shown 
in Table II. Aspartic acid and asparagine were chosen as refer-
ence amino acids since they are among the least susceptible to 
• 
destruction under the conditions of hydrolysis. Amino acid 
analyses were repeated for both unirradiated and irradiated RNase 
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TABLE II 
AMINO ACID ANALYSES OF IRRADIATED RIBONUCLEASE 
Column I Column II Column III 
SAMPLE ASP/TYR AVERAGE 
unirradiated RNase1 2.2 2.25 
2.J 
2.2 
Irradiated RNase 
200% Deactivation2 2.4 2.45 
90% .. 2.6 
90~ • 2.6 
90% " 2.3 
1 
Amino acid analyses of unirradiated RNase were alternated with 
analyses of the irradiated protein. 
2 
The extent of irradiation was chosen to correspond to approx-
imately 10~ original activity and a length of time twice as long 
as the time of irradiation employed for a sample with 1% activity. 
These are designated at 90% deactivation and 200% deactivation. 
4 
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and the average value of several determinations were computed 
(Column III). 
The expected loss of tyrosine upon ultraviolet photolysis of 
RNase should lead to a ratio for the irradiated protein greater 
than that obtained for the unirradiated protein. The data in 
'!'able II support this expectation. 
These results suggest that the ultraviolet inactivation of 
RNase is accompanied by the destruction of tyrosine residues. The 
rather small increase obtained between the ratio for the irrad-
iated protein, however, further suggests that the destruction of 
tyrosine residues may not be widespread. The calculated increase 
of 0.20 in the ratio noted above corresponds to the loss of 
approximately one tyrosine residue per twelve RNase molecules. 
Loss of tyrosine is expected to result from the formation of 
photochemically modified tyrosine residues during ultraviolet 
irradiation of the enzyme. It appears, however, that the concen-
tration of these photoproducts is low. It should also be pointed 
out that no indication for the formation of a new product was 
obtained in the chromatogram of the irradiated enzyme. This may 
be due to a number of factors. The chromatographic behavior of 
the photoproduct is not known but it is very likely that under the 
conditions of the amino acid analysis it is similar to that of 
tyro8ine. 
In addition, the degradation of the aromatic photoproduct 
t 
which may accompany the acid hydrolysis of the irradiated enzyme 
would result in a decrease in the concentration of the photo-
product as determined by amino acid analysis. 
J. POLY-L-TYROSINE 
1. Ultraviolet Absorption Spectra 
The appearance of a new band in the absorption spectrum of 
irradiated RNase near 309 nm and the increase in molar extinction 
noted at 278 nm upon irradiation (Chapter III, Cl) suggests that 
chemical modification of aromatic amino acid residues accompanies 
the ultraviolet-induced inactivation of the protein. 
Specifically, it was suggested previously (Chapter III, C2) 
that the new absorption band may be associated with a dimeric 
tyrosine compound produced by the action of ultraviolet light. It 
is therefore instructive to examine whether the effects of ultra-
violet light on a tyrosine polymer, poly-L-tyrosine, provide 
support for this assumption. Because of the proximity of tyrosine 
residues in this polypeptide, there is clearly a greater probabil-
ity that ultraviolet-promoted reactions will occur between tyrosine 
~sidues as compared to the probability of tyrosine-tyrosine inter-
actions in proteins such as RNase which contain relatively few 
, tyrosine residues. Comparison of the spectral properties of 
~radiated poly-L-tyrosine with irradiated RNase may therefore 
assist in the characterization of the new chromophore induced by 
; the ultraviolet irradiation of RNase. 
I 
The ultraviolet absorption spectra of unirradiated and irrad-
iated poly-L-tyrosine are shown in Fig. 42. Unirradiated poly-L-
r FIGURE 42 
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Fig. 42. Ultraviolet spectra of unirradiated and irradiated 
poly-L-tyrosine. ~ unirradiated poly-L-tyrosine, ~ -- ~ 
irradiated for 2 hrs., and---- irradiated for 3.5 hrs. Concen-
tration of poly-L-tyrosine is 0.25 mg/ml in 0.2 M NaCl at pH 11.2. 
Cell pathlength is 2.0 mm. Ultraviolet flux is six lamps. 
! 
I 
l 
j 
trrosine (1.84 x 10-J !) at pH 11.2 in 0.2 ! NaCl exhibits a max-
imum near 292 nm and a minimum near 270 nm. The absorbanee at the 
maximum indicates a molar extinction coefficient of 1.73 x 103. 
since free tyrosine is completely ionized at alkaline pH (19,117) 
and exhibits an£ max near 293 nm, the presence of an£ max near 
292 nm for poly-L-tyrosine under these conditions suggests that the 
polymer is almost completely ionized. It has been reported (73) 
that the ultraviolet spectrum of poly-L-tyrosine at pH 11.2 in 0.2 
M NaCl is characterized by a maximum near 285 nm and a distinct 
-
shoulder near 294 nm, which suggests .that under these conditions 
the ionization of tyrosyl hydroxyl groups is incomplete. In con-
trast, it has also been reported (62) that the ultraviolet absorp-
tion spectrum of poly-L-tyrosine under identical conditions as 
above is characterized by a maximum near 277 nm and little absorp-
tion in the 294 nm region, which indicates very little tyrosyl 
ionization. 
This variation of the spectral properties of the poly-L-
tyrosine solutions may be related to the degree of ionization of 
phenolic hydroxyl groups. It has been established that the pKa. 
values of tyrosyl hydroxyl groups appear to be elevated.in many 
helical proteins (178). The variation in ionization at pH 11.2 
noted above therefore may reflect the varying helical content of 
the different poly-L-tyrosine preparations employed. 
Upon irradiation of poly-L-tyrosine at pH 11.2 in 0.2 M NaCl 
• 
for a period of two hours an overall increase in extinction is 
observed throughout the 350-260 nm region. The maximum absorbance 
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at 292 nm increases by about 35% to 0.72 units and a shoulder in 
the 280-290 region is observed. The minimum is displaced by 
about 5 mn to the red apparently as a result of greater overlap of 
the 292 nm band with an intense band at shorter wavelengths (19, 
117)• Also, a new ultraviolet band appears with a maximum near 
J26 nm and an extinction of 0.63 absorbance units. Upon ultra-
violet exposure of an identical poly-L-tyrosine solution as above 
for 3.5 hours duration a further increase in absorbanoe at 326 nm 
to 0.78 units, as well as an increase in extinction throughout the 
optical region, is noted. A new maximum appears near 285 nm and 
the trough near 275 nm becomes less pronounced. 
2. Circular Dichroism Spectra 
The CD spectra of unirradiated and irradiated poly-L-tyrosine 
(0.2 ! NaCl, pH 11.2) are shown in Fig. 43. 
Unirradiated poly-L-tyrosine exhibits two discrete bands in 
the wavelength interva1 from 380 nm to 260 nm. The band centered 
at 280 nm has an ellipticity of 510 deg. cm2/decimole and is 
apparently associated with phenolic side-chain chromophores (28). 
The increase in ellipticity seen below 270 nm is the long wave-
length tail of a stronger CD band centered near 240 nm and arising 
from ionized tyrosine residues (28). A weak positive CD band with 
an ellipticity of 150 deg. cm2/decimole is also noted near 305 nrn. 
The ultraviolet absorption band corresponding to this CD band, 
• 
even if it is of appreciable intensity, is probably overshadowed 
by the intense 292 nm extinction and, therefore, it is not notice-
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Fig. 43. Circular dichroism of unirradiated and irradiated 
poly-L-tyrosine. ---- unirradiated poly-L-tyrosine, ---- irrad-
iated 2 hrs., -- - -- irradiated J.5 hrs., and •••• irradiated 
3.5 hrs and subsequently exposed to air for 12 hours. Concentra-
tion of poly-L-tyrosine is 0.25 mg/ml in 0.2 M NaCl at pH 11.2. 
Cell pathlength is 10.0 mm. Ultraviolet flux is six lamps. 
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able in the absorption spectrum shown in Fig. 42. Although the 
exact origin of this shoulder is unclear, it may result from the 
unique interaction of tyrosyl residues, possibly those within, or 
nearby to the asymmetric environment of oC.-helical regions. 
It should be pointed out that the 292 nm maximum noted in the 
ultraviolet spectrum of unirradiated poly-L-tyrosine is blue-
shifted in the corresponding CD spectrum by 12 nm to 280 nm. This 
shift may, in part, be due to stronger overlap of the CD band with 
the more intense tyrosine transition near 240 nm. The results 
obtained in this investigation are in agreement with reports that 
poly-L-tyrosine at pH 11.2 exhibits CD bands near 280 nm and 245 
nm (73). There is another report, however, indicating that poly-
L-tyrosine, presumably in the helical form at pH 11.2 and in 0.2 M 
NaCl. exhibits positive dichroism near 290 nm and 245 nm (28). 
The variance between the exact positions of the maxirra in the 
CD bands and the variance between the correlation of CD bands and 
ultraviolet absorption may also result from conformational differ-
ences between the preparations of the poly-Is-tyrosine employed. 
As mentioned previously in this section, poly-L-tyrosine prepara-
tions may vary in helical content. In this respect computer anal-
ysis of the far ultraviolet ORD and near ultraviolet CD spectra of 
poly-L-tyrosine (mw 60 to 100,000) has led to the conclusion that 
as judged from the position and intensity of CD and ORD bands of 
model compounds whose secondary structure is well-known, at pH 
11.2 in 0.2 M NaCl poly-Is-tyrosine exists almost completely in the 
helical form (62,73,178). However, potentiometric titrations and 
17J 
infrared spectroscopy data for high molecular weight poly-L-tyro-
sine indicate that poly-L-tyrosine exists in an antiparallel beta 
conformation (138). The presence of the CD band near 280 nm, 
observed here, however, is consistent with the presence of helicity 
in the polypeptide. In this laboratory no attempt was made to 
prepare poly-L-tyrosine (mw 4950) in the presumably helical form. 
Unordered forms and beta forms most likely exist to a significant 
extent in the preparations employed. Contributions to the CD spec-
trum from the unordered from are expected in our preparations since 
the unordered form may be present in high concentration. A high 
concentration of the unordered form is in fact surmised by exam-
ination of the ultraviolet spectrum of unirradiated poly-L-tyrosine 
at pH 11.2 which exhibits maximum absorption near 292 nm. If the 
poly-L-tyrosine preparation existed to a large degree in the 
helical form an absorption maximum would not be present at 292 nm, 
a wavelength characteristic of ionized phenol residues. It is 
possible, however, that the high degree of ionization may be due to 
phenolic hydroxyl groups within helical regions of :~'unusually low 
pKa values. 
In poly-L-tyrosine irradiated for a period of two hours a new 
CD band is generated (Fig. 43). The ellipticity of this band which 
is centered near JJ8 nm is 210 deg. cm2/decimole. Upon further 
irradiation for a total of 3.5 hours a band near 330 nm with a 
maximum ellipticity of 390 deg. cm2/decimole develops. A shoulder 
of about one-half the maximum ellipticity may also be noted between 
340 nm and 370 nm. 
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The appearance of the new absorption band near J26 in 
irradiated poly-L-tyrosine noted earlier in this section, is con-
sistent with the formation of bityrosine. This o,o biphenol 
analog of tyrosine, which has been previously identified (113) as 
the photoproduct of poly-L-tyrosine (mw 100 x 103) irradiated with 
ultraviolet light near 295 nm, exhibits an absorption band near 
J20 nm. 
The ultraviolet absorption spectrum of poly-L-tyrosine obtain-
ed immediately after irradiation and also after exposure of the 
irradiated solution to atomospheric oxygen for twelve hours are 
shown in Fig. 44. The spectrum obtained immediately after irrad-
iation is characterized by a maximum near 285 nm, a shoulder near 
292 nm, and a band near J26 nm. 
After standing for twelve hours the absorbanoe of the irrad-
iated solution at 326 nm increases from 0.78 units, noted immed-
iately after irradiation, to o.88 units. A new maximum nppears 
near 275 nm with a shoulder near 292 nm and absorbance &t these 
wavelengths of o•.89 and 0.87 units, respectively. Below 270 nm 
a new ultraviolet band may be present with a maximum at a shorter 
wavelength as suggested by the shift of the absorption spectrum 
located in the region below 270 nm to shorter wavelengths. The 
trough noted at 310 nm between the short and long wavelength bands 
for poly-L-tyrosine immediately after irradiation is shifted to 
300 nm upon standing. The increase in absorb&nee observed at all 
wavelengths examined for irradiated poly-L-tyrosine after standing 
for twelve hours suggests that oxidative processes may be occurring. 
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Fig. 44. Ultraviolet spectra of irradiated poly-L-tyrosine 
upon exposure to air-oxygen for 12 hours. ~ -- ~ irradiated 
poly-L-tyrosine, 3.5 hrs. (as in Fig. 42) and ---- irradiated for 
3.5 hrs. and allowed to stand in air-oxygen for 12 hrs. Poly-L-
tyrosine concentration is 0.25 mg/ml in 0.2 M NaCl at pH 11.2. 
Pathlength is 2.0 mm. Irradiation is 3.5 hrs. 
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Part of the overall increase in absorbanoe may also be due to 
light scattering on polymeric aggregates that may be formed during 
irradiation and which may continue to form during storage. A sim-
ilar increase in absorbance upon standing in atmospheric oxygen 
has also been observed for irradiated RNase (Chapter III, C2). 
The shift of the maximum from 285 nm for poly-L-tyrosine 
immediately after irradiation to 275 nm for irradiated poly-L-
tyrosine after standing is consistent with ultraviolet spectral 
changes that may be expected to accompany the protonation of tyro-
syl hydroxyl groups. The position of the near ultraviolet spec-
tral maximum for tyrosine derivatives is, of course, dependent on 
the state of ionization of hydroxyl groups. The absorption upon 
standing of carbon dioxide by irradiated poly-L-tyrosine solutions 
from the air may result in some lowering of the pH with the re-
sulting protonation of tyrosyl hydroxyl groups. However, the 
position of the J26 nm band does not appear to be affected during 
exposure of irradiated poly-L-tyrosine to atmospheric conditions. 
This latter observation suggests that the absorption band near J26 
nm may be attributed to tyrosine derivatives which remain ionized 
near pH 11.2. 
The CD spectrum of poly-L-tyrosine irradiated for a period of 
).5 hours and allowed to stand for twelve hours in the presence of 
atmospheric oxygen is shown in Fig. 4J. A shoulder appears in the 
spectrum near J6Q nm and the ellipticity increases rapidly with 
decreasing wavelength below 350 nm. At 330 nm an ellipticity of 
465 deg. om2/decimole is noted. 
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Ellipticities in the 375 nm to J40 nm region are similar to 
those obtained for poly-L-tyrosine immediately after irradiation. 
The continuing increase in ellipticities below 330 nm is apparent-
lY due to a more intense band located at shorter wavelengths but 
the spectrum was not investigated at these wavelengths. 
J• Ultraviolet and Circular Diehroism Spectra of Poly-L-
Tyrosine After Heating Under Alkaline Conditions 
It is of interest to determine under what other conditions, if 
any, a chromophore with ultraviolet and CD spectral characteristics 
similar to those observed upon the ultraviolet irradiation of poly-
L-tyrosine at pH 11.2 is produced. Such information may be useful 
in assessing the nature of the photoprocess induced by the action 
or ultraviolet light on poly-L-tyrosine. Elevat€d temperature and 
alkaline pH, which are known to exert deleterious effects on the 
RNase macromolecule (Chapter III, H5,8) were used in the poly-L-
tyrosine system. 
The ultraviolet spectra of irradiated and unirradiated poly-
L-tyrosine which was maintained at pH values greater than twelve 
at 11°c. for sixteen hours are shown in Fig. 45. The absorbance 
of the unirradiated polypeptide near 292 nm is increased from 0.60 
to 0.88 absorbance units upon alkali-heat treatment. Under these 
conditions the absorbance below J20 nm is also increased relative 
to that of the unmodified polypeptide. A new band near J.30 nm 
appears in the spectrum of unirradiated poly-L-tyrosine which had 
been heated at 0 110 c. at pH's greater than twelve. It appears 
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Fig. 45. Ultraviolet spectra of unirradiated poly-L-tyrosine 
after alkaline-heat treatment. ~ -- ~ unirradiated poly-L-
tyrosine and ---- unirradiated poly-L-tyrosine after alkaline-heat 
treatment. Poly-L-tyrosine concentration is 0.25 mg/ml in 0.2 M 
• 
NaCl at pH 11.2. Pathlength is 2.0 mm. Heated for 16 hours at 
110°c. at alkaline pH. 
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that the alkali and heat treatment of the unirradiated polypeptide 
results in a similar increase in absorbance near the 292 nm max-
imum and the formation of a new ultraviolet band near 330 nm simi-
lar to that noted in the spectrum of poly-L-tyrosine after ultra-
violet irradiation. 
For comparison, the spectrum of poly-L-tyrosine obtained 
immediately after irradiation and irradiated poly-L-tyrosine main-
tained at a pH of twelve or greater at 110°c. for sixteen hours 
are shown in Fig. 46. Poly-L-tyrosine obtained immediately after 
irradiation for a period of two hours exhibits bands with maxima 
near J26 nm and 292 nm and with absorbances of o.66 and 0.83 units 
respectively. The ultraviolet spectrum of this solution obtained 
after exposure to a pH greater than twelve at 110°c. for sixteen 
hours differs from the spectrum obtained immediately after irrad-
iationa the spectrum of irradiated poly-L-tyrosine after heat 
treatment is characterized by bands near JJO nm and 297 nm of 0.78 
and o.66 absorbanoe units, respectively. 
The increase in absorbance near JJO nm noted after the alkali 
and heat treatment of irradiated poly-L-tyrosine is not unexpected 
since the identical treatment of unirradiated poly-L-tyrosine 
results in the de novo formation of a similar band near JJO nm. 
--
However, alkali and heat treatment for reasons which are not clear 
appear to produce different effects on the spectra of unirradiated 
and irradiated poly-L-tyrosine at 292 nm. For the unirradiated 
• 
polypeptide the absorbance at 292 nm increases after alkali and 
heat treatment (Fig. 45). In contrast, the absorbance of irrad-
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Fig. 46. Ultraviolet spectra of irradiated poly-L-tyrosine 
after alkaline-heat treatment. ---- irradiated poly-L-tyrosine, 
2 hrs. and -- -- ~irradiated (2 hrs.) after alkali-heat treat-
ment. Poly-L-tyrosine concentration is 0.25 mg/ml in 0.2 M NaCl 
.. 
at pH 11.2. Pathlength is 2.0 mm. Two hour irradiation. Irrad-
iated poly-L-tyrosine heated for 16 hours at 110°c. at alkaline pH. 
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iated poly-L-tyrosine decreases under the same conditions (Fig. 
46). 
The similarity of the spectral changes noted in irradiated 
poly-L-tyrosine near 326 nm with the changes observed near 330 nm 
upon alkali and heat treatment of either unirradiated or irrad-
iated poly-L-tyrosine suggest that ultraviolet light may bring 
about a chemical modification of tyrosyl residues which is similar 
to that occurring upon heating poly-L-tyrosine under alkaline con-
ditions. A similar increase in absorbance is noted near 292 nm -
upon irradiation of poly-L-tyrosine or upon alkali and heat treat-
ment of unirradiated poly-L-tyrosine. It must be noted, however, 
that the new chromophore produced during the alkali and heat 
treatment of unirradiated poly-L-tyrosine may be similar but not 
necessarily identical to the product of ultraviolet irradiation of 
poly-L-tyrosine. 
The CD spectra of unirradiated and irradiated poly-L-tyrosine 
are shown in Fig. 47. The CD spectrum of irradiated poly-L-
tyrosine maintained at alkaline pH and 110°c. is also shown in 
Fig. 47. The spectrum of poly-L-tyrosine obtained immediately 
after irradiation for a period of two hours exhibits a maximum 
near 335 nm of 165 deg. cm2/decimole. It should be noted that a 
similar preparation of poly-L-tyrosine irradiated for an identical 
period of time (Fig. 43) exhibits somewhat decreased ellipticities 
and a maximum which is shifted to shorter wavelengths by about 5 
• 
run. These variations in the CD are most likely related to small 
differences in dosimetry accompanying the irradiation procedure. 
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Fig. 47. Circular dichroism of unirradiated poly-L-tyrosine 
after alkali-heat treatment and circular dichroism of irradiated 
poly-L-tyrosine after alkali-heat treatment. ~ -- --- unirradiated 
poly-L-tyrosine after alkali-heat treatment, irradiated poly-
L-tyrosine (2 hrs.), and .a..t..L.I. irradiated, 2 hrs., after alkali-
heat treatment. Poly-L-tyrosine concentration is 0.25 mg/ml in 
0.2 ! NaCl at pH 11.2. Pathlength is 10.0 mm. 2 hr. irradiation. 
0 Unirradiated and irradiated poly-L-tyrosine heated at 110 c. for 
sixteen hours at alkaline pH. 
18) 
A small difference in sample positioning or stirring may result in 
the observed differences since a high ultraviolet flux was used in 
these studies (see experimental section). 
Exposure of native poly-L-tyrosine to alkaline pH and elevated 
temperature results in the formation of CD bands near )45 nm and 
J13 nm with ellipticities of approximately 165 deg. cm2/decimole 
and 200 deg. cm2/decimole, respectively. The similarity between 
the CD spectra of irradiated and unirradiated poly-L-tyrosine 
obtained upon heating unde~ alkaline conditions, as also the 
. ,corresponding ultraviolet spectra noted above, suggests that the 
products of ultraviolet irradiation and direct chemical modifica-
tion may be similar. 
The similarity between the effects of ultraviolet and chem-
ical ~reatment of poly-L-tyrosine may also be noted by comparing 
the CD spectrum of poly-L-tyrosine which is obtained im~ediately 
.after irradiation with the spectrum of the same irradiated poly-L-
--tyrosine after heating under alkaline conditions (Fig. 47). The 
CD spectrum of irradiated polypeptide obtained after heating in 
alkali is characterized by a maximum near 350 nm of approximately 
240 deg. cm2/decimole and shoulders near JOO nm and JJO nm. It 
appears that upon heating the irradiated polymer the ellipticity 
at the maximum is increased which suggests that heating alkaline 
irradiated poly-L-tyrosine may intensify or promote a chemical 
modification similar to that initiated by the action of ultra-
• 
violet light. 
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K. N-ACETYL-L-TYROSINAMIDE 
1. Absorption Spectra 
The absorption spectrum of N-aeetyl-L-tyrosinamide (NACTA) 
(0.2 mg/ml) at neutral pH, shown in Fig. 48, is characterized by a 
maximum near 274 nm and a minimum near 24? nm. An absorption 
shoulder is also noticeable near 280 nm and a long wavelength tail 
is noticed above JOO nm. This spectrum is fairly typical of 
phenolic compounds at neutral pH (201). 
Irradiation of NACTA for a period of five hours resuTts· ·in an 
. increase in the extinction at the wavelength of the maximum ab-
sorbance from 0.59 units noted in the unirradiated solution to o.66 
units. The absorption minimum of the irradiated compound which 
appears at 240 run also increases from 0.085 absorption units to 
0.195 units. Furthermore, a generalized increase in extinction is 
noted for all wavelengths. 
2. Circular Dichroism Spectra 
The CD spectra of unirradiated and irradiated NACTA under the 
same conditions as ! above are sho~n in Fig. 49. Unirradiated 
NACTA exhibits a single CD band with a maximum near 2?5 nm and an 
ellipticity of 460 deg. cm2/decimole in the near ultraviolet 
region. An ellipticity of 15,400 deg. cm2/decimole is noted at 
the maximum of the band near 225 nm. Below 215 run the tail of a 
.. 
shorter wavelength band is visible. Similar spectra of unirrad-
iated NACTA in the wavelength region between 210 nm and 290 nm 
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Fig. 48. Ultraviolet spectra of unirradiated and irradiated 
NACTA. ---- unirradiated NACTA and ~ -- -- irradiated NACTA, 
4 5 hrs. NACTA concentration is 0.2 mg/ml in 0.1 ~sodium phosphate, 
pH 7.0. i;>athlength is 5.0 mm. Irradiation length is 5 hrs. 
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Fig. 49. Circular dichroism of unirradiated and irradiated 
NACTA. ---- unirradiated NACTA and -- -- ~ irradiated NACTA, 
186 
5 hrs. NACTA concentration is 0.2 mg/ml in 0.1 ! sodium phosphate, 
pH 7.0. Irradiation length is 5 hrs. Pathlength is 10.0 mm at. 
wavelengths greater than 250 nm and 2.0 mm at wavelengths less than 
250 nm (inset). 
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have been reported previously (24,95,166}. 
Irradiation for a period of five hours results in a shift of 
the 275 nm extremum of the amino acid to 277 nm and a decrease in 
ellipticity to JOO deg. cm2/decimole. As compared with unirrad-
iated NACTA whose spectrum crosses the baseline near 25? nm the CD 
spectrum after irradiation crosses the baseline near 263 nm. 
In the far ultraviolet region the ellipticity at the maximum 
is decreased from 15,400 for unirradiated NACTA to 14,200 deg. cm2/ 
,. decimole obtained for the irradiated compound. Below 215 nm and 
above 230 nm the spectra before and after irradiation are super-
imposable. 
L. UV AND CD SPECTRA OF SEVERAL IRRADIATED PROTEINS 
1. Ultraviolet Absorption Spectra 
The absorption spectra of bovine serum albumin (BSA), trypsin, 
insulin, ol-ehymotrypsin, lysozyme, pepsin, enolase, protamine 
phosphate, and performic acid modified RNase exhibit maxima between 
275 nm and 280 nm, minima near 250 nm,~and a small absorption tail 
extending above 310 nm. 
Regarding the composition of these proteins, they all contain, 
with the exception of protamine, aromatic amino acids. Neither 
enolase nor protamine contain cystine. Performic acid-oxidized 
RNase contains the equivalent of eight oysteic acid residues in 
place of the four disulfide bonds found in the native molecule 
(91). Ribonuelease, insulin, and protamine are lacking tryptophan. 
The amino acid composition and distribution of aromatic acids for 
188 
each of these proteins is summarized in Table III. 
Irradiation of these proteins for varying periods of time up 
to a maximum of four hours results in changes in their absorption 
spectra which are qualitatively similar. For instance, the ab-
sorption spectrum of pepsin above JOO nm, near 277 nm, near 249 nm, 
and below 249 nm increases with increasing ultraviolet dose,(Fig. 
50). Each one of the other proteins listed above exhibited similar 
changes as those observed for pepsin, including an intensification 
of the absorption tail in the JOO nm to )40 nm region • 
. --- In contrast to the results obtained with the other proteins, 
the irradiation of BSA at a concentration of 2 mg/ml at pH 7.1 for 
a-period of two hours resulted in the appearance of a pronounced 
shoulder near )10 nm. The spectra of native BSA and BSA irrad-
iated for various periods of time are shown in Fig. 51. As the 
extinction near 280 nm increases after four hours of irradiation, 
the 310 nm shoulder becomes obscured apparently because of greater 
overl~p with the principal absorption band centered near 280 nm. 
For BSA, lysozyme, and insulin, the three proteins for which add-
itional observations were made one hour after irradiation, a fur-
ther increase in extinction was noted at all wavelengths. 
2. Circular Dichroism Spectra 
a. Oxidized Ribonuclease 
The CD spectt-um of performic acid-oxidized RNase shown in 
; Fig. 52 is in agreement with previously reported spectra (104,177, 
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Fig. 50. Ultraviolet spectra of unirradiated and irradiated 
pepsin. ~ - ~ unirradiated pepsin, ---- irradiated pepsin, 2 
hrs., and~ -- --- irradiated pepsin, 5 hrs. Concentration of un-
• irradiated pepsin is 2 mg/ml in 0.01 M sodium phosphate buffer, pH 
7.1. Pathlength is 2.0 mm. Irradiation time for 2 and 5 hrs. 
/./ 
1.0 
.9 
.8 
.7 
UJ 
V·4' 
<: 
< 
m « .s 
0 
..., 
tD .4 
< 
.3 
.2 
·' 
FIGURE 51 
c 
I 
IA 
\) !\ 
! ~'/ l'\ 
I I I 
I , I 
I { l 
I I 
I I I \ 
'-" I 
' ' 
I 
I 
I 
' 
' I
I 
' 
' I
' \ 
. \ 
' .. ..... ____ _ 
' 
' 
o--~~~~~....1...~.L-_J~...L..-
2'0 soo S'44 
A,NM 
190 
Fig. 51. Ultraviolet spectra of unirradiated and irradiated 
BSA. ---- (a) unirradiated BSA, ~ -- ~ (b) irradiated BSA, 2 
hrs., and (c) irradiated BSA, 4 hrs. BSA concentration is 
2.0 mg/ml in 0.01 M sodium phosphate buffer, pH 7.1. Pa.thlength 
is 5.0 mm. Irradiation for 2 and 4 hours. 
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Fig. 52. Circular dichroism spectra of irradiated performic 
acid-oxidized RNase. Oxidized RNase concentration is 2.0 mg/ml in 
0.1 ! sodium phosphate buffer, pH 7.0. Pathlength is 5.0 mm. 
I 
Circular dichroism of irradiated oxidized RNase identical to that 
of the unirradiated enzyme. 
I . . 
I 
I 
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190) and indicates that the 275 nm CD band present in native RNase 
is upon oxidation essentially eliminated. This is consistent with 
the expectation that the tertiary structure of the RNase molecule 
has been to a large degree abolished. Performic acid is known to 
oxidize the four disulfide bonds present in the native protein to 
cysteic acid residues and to convert methionine to the correspond-
ing sulfone (91,115). 
Since oxidized RNase exhibits no enzymic activity this pro-
tein was irradiated for periods of time for which an equivalent 
concentration of intact, enzymically active RNase under identical 
irradiation conditions, would have maintained 50%, JO%, and 15% of 
its original activity. No significant alterations in the CD spec-
trum of oxidized RNase were observed upon irradiation under these 
conditions. 
b. Bovine Serum Albumin 
The CD spectra of unirradiated and irradiated BSA (2 mg/ml) 
at pH 7.1 are shown in Fig. 53. The spectrum of unirradiated 
protein is characterized by a shoulder near 257-258 nm with an 
ellipticity of about 90 deg. om2/decimole. This observation is in 
agreement with the previously reported presence of a shoulder in 
the CD spectrum of this protein near 260 nm at pH 5.2 (24). 
Upon irradiation of BSA for a period of two hours a new, 
positive CD band appears with a maximum near 320 nm. Irradiation 
for a period of four hours results in a two-fold increase in 
ellipticity of this band from 15 deg. cm2/decimole to approximately 
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Fig. 53. Circular dichroism spectra of unirradiated and 
irradiated BSA. ---- unirradiated BSA, ~ -- ~ irradiated BSA, 
2 hrs., and ---- irradiated BSA, 4 hrs. BSA concentration is 2.0 
• 
mg/ml in 0.01 ! sodium phosphate buffer, pH 7.1. Pathlength is 
10.0 mm. Irradiation is for 2 and 4 hours. 
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30 deg. cm2/decimole. A decrease in the intensity of the shoulder 
rrom 90 deg. cm2/decimole to about 70 deg. cm2/decimole is also 
evident for protein irradiated for periods of either two or four 
Ce TryPSin 
The CD of unirradiated t~ypsin (2 mg/ml) at pH 7.1 is shown 
in Fig. 54. Extrema appear near 280 nm and 255 nm. The molar 
·ellipticities at these wavelengths are 80 and J5 deg. cm2/decimole 
respectively. The maximum at 280 nm has been reported previously 
(24). 
Irradiation of trypsin to about 20% original activity, calcu-
lated on the basis of the hydrolytic activity of the protein 
towards the p-tosyl arginyl methyl ester (97) results in a blue 
shift of the maximum to 277-278 nm and a decrease in intensity of 
this maximum to 58 deg. cm2/decimole. The 255 nm extremum remains 
unchanged in position and its ellipticity increases slightly to 
43 deg. cm2/decimole. 
d. Insulin 
The CD spectra of unirradiated and irradiated insulin in the 
wavelength region from 240 nm to 340 nm are shown in Fig. 55. 
Unirradiated insulin (1 mg/ml) at pH 7.8 in sodium acetate buffer 
exhibits an extremum at 274 nm with an ellipticity of 190 deg. cm2/ 
' 
decimole and an extremum near 250 nm with an ellipticity of 75 deg. 
cm2/decimole. Insulin ellipticities of 202 deg. cm2/decimole and 
,. 
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Fig. 54. Circular dichroism of native and irradiated trypsin. 
~ unirradiated trypsin and ---- irradiated trypsin, 2.5 hr. 
·t 
Trypsin concentration is 2.0 mg/ml in 0.01 M sodium phosphate buf-
fer, pH 7.1. Pathlength is 10.0 mmo Irradiated for 2.5 hours. 
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Fig. 55. Circular dichroism of native and irradiated insulin. 
---- native insulin and ---- irradiated insulin, 3.5 hrs. Insulin 
concentration is 1.0 mg/ml in 0.05 M sodium ac~tate, pH 7.8. 
Pathlength is 10.0 mm. Irradiated for J.5 hours. 
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approximately 75 deg. cm2/decimole at 274 nm and 250 nm, respec- . 
tively, have recently been observed in salt-free HCl at pH J.O 
(60). Similar values have also been reported (27). 
Irradiation of insulin for three and one-half hours shifts the 
274 nm extremum to 280 nm and decreases the ellipticity to 90 deg. 
cm2/decimole. The 250 nm extremum is also shifted to 260 nm and 
reduced to 40 deg. cm2/decimole. 
e. ~-Chymotrypsin 
The CD spectra of +chymotrypsin between 285nm and 340 nm 
before and after irradiation are shown in Fig. 56. The unirrad-
iated protein at a concentration of 2 mg/ml at pH ~.o in acetate 
buffer possesses a slight negative extremum near 306 nm with an 
ellipticity of 6 deg. cm2/decimole and a positive extremum near 
295 nm with an ellipticity of 43 deg. cm2/decimole. Similar bands 
have been reported {6J) for ~-chymotrypsin in 0.5 ! NaCl-0.005 ! 
sodium phosphate at·pH 6.8. 
Upon irradiation of chymotrypsin for a period of two hours 
the negative band is broadened and extended to longer wavelengths. 
At the same time a new maximum appears near 304-305 nm with an 
appreciably increased ellipticity of JO deg. cm2/decimole. 
f. Lysozyme 
The CD spectra of unirradiated and irradiated lysozyme (0.25 
4 
mg/ml) at pH 7.1 are presented in Fig. 57. A positive band near 
285 nm is present with maximum ellipticity of 65 deg, cm2/decimole. 
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Fig. 56. Circular dichroism of native and irradiated o(-
chymotrypsin. ---- native chymotrypsin and ---- irradiated chymo-
trypsin, 2 hrs. Chymotrypsin concentration is 2.0 mg/ml in 0.05 M 
.sodium acetate, pH 4.o. Pathlength is 10.0 mm. Irradiated for 
two hours. 
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Fig. 57. Circular dichroism of native and irradi~ted lyso-
zyme. ---- native lysozyme and ~ -- -- irradiated lysozyme, J hrs. 
Lysozyme concentration is 0.25 mg/ml in 0.01 ,! sodium phosphate, 
pH 1.1. Pathlength is 50.0 mm. Irradiated for three hours. 
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A value of approximately 75 deg. cm2/decimole for lysozyme in 0.1 
M acetic acid has been reported previously (182). Also, a shoulder 
-
near 260 nm is noted in agreement with published CD spectra (76,82, 
...... 
• 100,182). 
Irradiation of lyeozyme for a period of three hours results in 
an increase in the ellipticities below 310 nm and the formation or 
a new CD band with a maximum near 325 run. This band has at its 
extremum an ellipticity or 40 deg. cm2/decimole and overlaps with 
~ the 285 nm band on the short wavelength side of the~spectrum. 
g. Pe-psin 
Unirradiated pepsin (Fig. 58) in 0.01 ! sodium phosphate buf-
fer at pH 7.1 (2mg/ml) exhibits two weak bands at 290 nm and 285 nm 
with ellipticities of 20 and JO deg. cm2/decimole. The presence 
of a single broad transition at pH 4.6 between 245 nm and JOO nm 
with an ellipticity of _60 deg. cm2/decimole at the maximum near 
280-281 nm has been previously reported (139). It should be noted, 
however, that at neutral pH pepsin is no longer catalytically 
active and the loss of enzymic activity may be related to a pH 
dependent conformational alteration of the protein. The CD spec-
trum obtained at pH 7.1 may thus reflect a pH dependent conforma-
tional change. 
Upon extensive irradiation of pepsin for a period of four 
hours, the intensity of both near ultraviolet bands is diminished. 
I 
The 285 nm band maintains an ellipticity of 12 deg. cm2/decimole. 
The maximum of the second band centered around 265 nm is shifted 
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Fig. 58. Circular dichroism of unirradiated and irradiated 
pepsin. ---- native pepsin and ---- irradiated pepsin, 4 hrs • 
. , 
Pepsin concentration is 2.0 mg/ml in OoOl ~sodium phosphate, pH 
7.1. Pathlength is 10.0 mm. Irradiated for four hours. 
i 
I 
to 275 nm and its ellipticity is reduced to about 10 deg. cm2/ 
decimole. 
h. Yeast Enolase 
202 
Yeast enolase (1.2 mg/ml) at neutral pH is reported to con-
sist of two identical subunits (115). The CD spectrum of the 
dimerlc protein is composed of four bands with maxima near 288nm, 
277 nm, 270 nm, and 264 nm (Fig. 59). The ellipticities of three 
~f these bands are approximately equal to one another at 15 deg. 
_, cm
2/decimole. The ellipticity at 264 nm is 9 deg. cm2/decimole. 
Irradiation of enolase for a period of two hours results in 
the appearance of a new band ne&r JOO nm with an ellipticity of 7 
deg. cm2/decimole. Also, the molar ellipticity at 288 nm increases 
to 18 deg. cm2/decimole. The three shorter wavelength bands pres-
ent in the unirradiated enzyme are replaced by a single more intense 
band with a maximum near 275 nm. 
i. Protamine 
Protamine phosphate (4 mg/cl) at pH 7.1 exhibits no elliptic-
ity in the near ultraviolet region from 260 nm to 370 nm. Such a 
featureless CD spectrum is not surprising since protamine contains 
neither cystine nor aromatic residues. Furthermore, irradiation 
of protamine for a period of four hours produces no detectable 
change in the CD ~pectrum. 
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Fig. 59. Circular dichroism of unirradiated and irradiated 
yeast enolase. -- -- ~ unirradiated enolase and irradiated 
enolaee, 2 hrs. Enolase concentration is 1.2 mg/ml in 0.01 M 
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sodium phosphate buffer, pH 7.1. Pathlength is 10.0 mm. Irrad-
iated for two hours. 
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CHAPTER IVs DISCUSSION 
The ultraviolet light-induced loss of enzymic activity of 
RNase obeys first-order kinetics (Fig. 5). The simplest inter-
pretation of such data is that a single molecule of RNase com-
pletely loses enzymic activity when a photon of ultraviolet light 
disrupts a site crucial for the function of the enzyme. This 
explanation, however, does not take into account the involvement 
of radical reactions, solvent reactions, the participation of more 
than one photon in the inactivation process, or the production of 
partially denatured molecules. Such a limited interpretation of 
the kinetic data (137) obviously cannot describe adequately the 
mechanisms of inactivation. 
In the present study the photochemical processes accompanying 
the ultraviolet-induced inactivation of RNase are examined in some 
detail. The results of circular dichroism studies reveal that the 
ultraviolet inactivation of RNase is accompanied by complex changes 
in both the conformation and the chemical structure of the enzyme. 
A. CHANGES IN THE °<-HELICAL AND #-STRUCTURE CONTENT OF ULTRA-
VIOLET IRRADIATED RIBONUCLEASE 
Comparison of the CD spectrum in the far ultraviolet region 
of native RNase with the spectra of irradiated RNase (Fig. 20) 
indicates that as a result of ultraviolet irradiation changes in 
ellipticity occur throughout this region. It appears that the 
Ultraviolet-induced inactivation of RNase is accompanied by 
205 
shifts in the 210 nm extremum in the spectrum of the native pro-
tein to shorter wavelengths. The CD band noted at 205 nm for 
irradiated RNase maintaining J5% original activity, which results 
from a shift in the 210 nm band present in unirradiated RNase, is 
characteristic of the unordered form of the protein (104,18J,191). 
For irradiated RNase maintaining more than 35% original activity 
the extremum is shifted a proportionate degree from 210 nm to 
shorter wavelengths upon irradiation. 
~;,.·,, The magnitude of the ellipticity at the extremum in irrad-
iated RNase decreases as ina9tivation_progresses. Such decreases 
in ellipticity near 205-210 nm in the CD spectra of irradiated 
RNase are consistent with alterations in the environment of disul-
fide bonds which are known to contribute to the CD in this region 
(44). Rupture of cystine residues, changes in the dihedral angle, 
or alterations in the inherent geometry of intact cystine residues 
·may be reflected by a decrease in the ellipticity near 200 nm. 
The observed decreases in the CD of RNase near 220 nm may be 
related to a loss of beta structure which normally contributes to 
the ellipticity of proteins in this region. Small changes in the 
~-helical content of RNase may also contribute to ellipticity 
changes at this wavelength. Decreases in positive ellipticity in 
the 190-195 nm region, associated with both the beta form and the 
o(-helical form are also consistent with the view that irra&iation 
results in a loss of these ordered secondary structures • 
• 
The shift of the 210 nm extremum of native RNase towards 
shorter wavelengths upon irradiation and the decrease in the CD in 
206 
the 220 nm region observed upon irradiation of the protein are 
similar to the effects of detergents, specifically SDS, on the CD 
spectrum of unirradiated RNase (Fig. 21). The transition of RNase 
to the unordered form induced by SDS is believed to proceed with a 
loss of beta structure {18J). The similarity between the changes 
induced in the CD spectrum of this enzyme by irradiation and the 
changes induced by the addition of SDS therefore suggests that a 
loss of beta structure also accompanies the irradiation-promoted 
transition to the unordered form. 
Despite the-fact that ultraviolet irradiation promotes rather 
~ extensive disorganization of the tertiary structure of the protein, 
. - -- the transition to the unordered form appears to be incomplete. 
This is indicated by the further decrease of the CD spectrum of 
irradiated RNase upon the addition of SDS (Fig. 22). It is 
possible that the presence of charged side-chain groups produced 
. 
during irradiation contributes in maintaining specific, restricted 
regions of order within the irradiated protein. Such regions of 
restricted tertiary structure in proteins may be disrupted in the 
presence of detergents. The addition of SDS to irradiated RNase 
will probably also result in reorganization of those regions of 
the molecule in which the tertiary structure is not modified 
during irradiation. 
' 
ULTRAVIOLET LIGHT-PROMOTED CHANGES IN THE CONFORMATION OF 
RIBONUCLEASE 
1. Circular Dichroism Evidence for the Existence of 
Partially Denatured Ribonuelease 
The CD spectra of unirradiated RNase and irradiated RNase 
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j 1118.intaining not less than 54% original activity exhibit an iso-
elliptio point near 257-259 nm (Fig. 9). The presence of this 
point suggests that two species co-exist in- the solution of. irrad-
iated RNase. These two species are very likely partially denatured 
~ RNase and native RNase. The presence o.f completely denatured mol-
ecules, of course, cannot be ruled out. 
In contrast, the absence of an isoelliptic point for RNase 
solutions maintaining less than 54~ original activity suggests 
that under these conditions more than two RNase species are 
present. Below this level of aotivi ty completely denatured RNase 
1 molecules are probably present. 
It is of importance to examine at this point the nature of 
the denatured molecules. The characterization of these molecules, 
discussed in the following sections, is an integral part of an 
over&ll model for the sequence of events which describe the process 
of the ultraviolet-induced inactivation of RNase. 
2. The Disruption of Disulfide Bonds in Irradiated RNGse 
Direct evidence for changes in tertiary structure accompany-
ing ultraviolet-induced inactivation of RNase is obtained both by 
i 
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CD studies and direct titration of sulfhydryl groups. 
As previously noted (Chapter III, D) the 275 nm CD band in 
unirradiated RNase decreases in ellipticity as the activity of the 
enzyme is reduced. Since approximately 50% of the ellipticity of 
native RNase in this region originates from disulfide ehromophores 
it appears that a substantial portion of the decrease of the CD is 
j due to disulfide disruption, Furthermore, alterations in the 
J environment of tyrosyl residues both buried and exposed, apparently 
I 
' f". contribute to the observed decrease in ellipticity at this wave-
1 
length. 
f · Changes in the CD spectrum of native RNase have been pre-
.. viously correlated with the destruction of cystine residues in 
other systems. In this regard, decreases in ellipticity at 275 nm, 
and 239 nm as well, are known to accompany the chemical reduction 
of the disulfide bonds of RNase (142). 
Additional support for the view that alterations in the asym-
metric environment of disulfide bonds are reflected by CD changes 
near 275 nm is obtained from studies in which mercury is incor-
porated into RNase. Specifically, the presence of mercury atoms 
between sulfur atoms so as to form -S-Hg-S- bridges in each cystine 
0 
of R!~ase is known to elongate the disulfide bond by about J A and 
result in a loss of 75% of the original enzyme activity (177). It 
is of interest to note that in this system the 275 nm CD band is 
reduced to approxiw.ately one-eighth of the value reported for the 
. . . 
native enzyme. 
While the decrease in ellipticity at 275 nm upon irradiation 
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of RNase suggests that disulfide bridges are disrupted, the 
presence of groups titratable with Ellman's Reagent is direct 
evidence for cystine disruption. Irradiation of RNase at low 
temperature in the absence of atmospheric oxygen resulting in the 
loss of 50% of the enzymic activity was accompanied by the dis-
ruption of approximately 1.1 cystine residue per protein molecule. 
This correlation between the ultraviolet-induced loss of activity 
and disulfide bond breakage is consistent with previous reports 
(12,79,123). 
I The destruction of cystine residues appears, therefore, ft' 
I· . related to enzyme inactivation. According to one view the photo-
lysis of cystine leads to inactivation merely because cystine is 
one of the constituent amino acids of the protein (12J). A more 
likely role for disulfide bonds and non-covalent forces in the 
I- - process of inactivation is based on the premise that constraints 
introduced by these bonds are essential for maintaining the native 
conformation of the enzyme. Thus, the decrease in ellipticity 
observed at 275 nm in the CD spectrum of RNase upon irradiation 
may be associated with the loss of activity accompanying the 
destruction of the spatial integrity of the active site. 
It is pertinent to note here in greater detail the dependence 
of the ellipticity of native RNase at 275 nm upon irradiation, 
since changes in ellipticity at this wavelength reflect changes in 
disulfide transitions and will, therefore, aid in the character-
ization of the denatured RNase molecules. As indicated previously 
in Fig. 10, the ellipticity at 275 nm decreases almost linearly as 
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the activity of the enzyme is reduced up to a value of 50%. At 
iower levels of enzyme activity, however, the decreases in ellip-
ticity at 275 nm are markedly accelerated. 
The two-step dependence of the ellipticity at 275 nm upon 
irradiation and the results of the sulfhydryl titrations are con-
sistent with the co-existence of two distinct molecular species. 
j These species are most likely native and ultraviolet denatured 
J.·.·.-.·.aRnNase. This conclusion was arrived at in view of the presence of r isoelliptic point near 257-259 nm noted on the CD spectra of 
j 'native RNase and irradiated RNase with no less than 54% activity. 
The possibility that completely denatured molecules were 
present at this level of inactivation was r:i.ot ruled out earlier in 
this discussion. However, the initial gradual decrease in ellip-
ticity observed at 275 nm upon irradiation, and t~e ultraviolet 
lability of certain disulfide bonds (half cystine residues 65, 72 
and half cystine residues 26, 84) (Chapter III, B,D, Chapter IV, 
B3} suggest that for enzymes with no less than 54% activity native 
molecules co-exist with partially denatured molecules. These 
partially denatured molecules are characterized by the disruption 
of one or two constituent di.sulfide bonds. 
In contrast, for RNase maintaining less than 54% original 
activity, the isoelliptic point is no longer present. At this 
level of inactivation a population of denatured species may exist 
in which a variable number of more than one disulfide bond are 
' 
ruptured. The accelerated decrease in CD at 275 nm for RNase 
maintaining less than 50% activity is consistent with the wide-
I 
l · 
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spread conformational alterations that would be expected to accom-
pany such extensive inactivation and loss of cystine. 
3. The Non-Essential Nature of Some of the Disulfide Bonds 
in Ribonuclease 
The chemical reduction of RNase with thioglycolic acid has 
been shown to proceed slowly at first until two of the disulfide 
groups are disrupted (157). From that point on the enzymic activ-
ity decreases rapidly as the remaining two disulfides are reduced. 
Recent studies on the urea-mercaptoethanol reduction of RNase 
indicated a similar pattern of deactivation upon disulfide dis-
ruption (142). The results of the chemical reduction of RNase and 
the conclusions reached from the titrations performed in this 
laboratory support the view adapted by Augenstein (9,12,79) that 
not all of the constituent cystine residues of the enzyme are of 
equal importance in maintaining the integrity of the active site. 
Parallel results indicating the non-essential nature of 
certain disulfide bonds for enzymie activity have been reported 
for ultraviolet irradiated trypsin (9), chemically modified lyso-
zyme (lJ), trypsin inhibitor (111), and immunoglobulin G (66). 
One apparent exception is the behavior of insulin. The rupture of 
any one of the three constituent cystines by ultraviolet light 
renders insulin biologically inactive (149). 
Sulfhydryl titration, of course, cannot identify the partic-
ular cystinyl residue from which a thiol group originates. How-
ever, on the basis of experiments using 14c-labelled RNase, it has 
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been (79) suggested by Augenstein that the disulfide bonds between 
balf-cystine residues 65 and 72 and between half-cystine residues 
z6 and 8~ are at the same time the most ultraviolet labile and 
preferentially disrupted and the least essential for enzymic act-
ivity. Results reported from another laboratory indicate also 
that the disulfide bond between half-cystines 65 and 72 is one of 
the bonds preferentially cleaved by sodium phosphorothioate (135) 
and probably one which is not of crucial importance for enzymic 
activity. 
In view of the fact that the irradiation conditions employed 
by Augenstein (79), i.e., 0.1 M sodium acetate at pH 5.4, in 
vacuum, at low temperature, are generally similar to those employ-
ed in the. present study, it is reasonable to assume that disulfide 
bonds between half-cystine residues 65 and 72 and/or half-cystine 
residues 26 and 84 are also preferentially cleaved under the 
conditions employed in this laboratory. 
4. Molecular Species Present in Solutions of Irradiated 
Ribonuclease: Evidence for the Presence of Native 
and Partially Denatured Molecules 
Studies of the dependence of CD on temperature were performed 
in order to re-evaluate the proposal made earlier that solutions 
of irradiated RNase contain varying proportions of native and 
denatured molecules and that widespread conformational alter-
ations indicated by ellipticity changes near 275 nm occur upon 
extensive irradiation of the protein. If in fact a population of 
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denatured molecules co-exists with native molecules, two distinct 
types of temperature transition profiles should be observed in 
irradiated RNase. 
The temperature profile at 275 nm of unirradiated RNase is 
characterized by an initial gradual decrease in ellipticity which 
is followed by a sharp transition with a midpoint near 65°c. (Fig. 
15). In contrast, the profiles of irradiated RNase rraintaining up 
to 65% original activity show that some RNase molecules undergo a 
_,.~thermal transition below 65°c. ·These RNase molecules are probably 
the ones that have suffered relatively minor conformational alter-
ations as a result of the disruption of one or at the most two· 
cystine residues. The CD spectra of such partial~y denatured 
molecules presumably define the isoelliptic point noted in Fig. 9. 
For RNase maintaining JO% activity, however, the sharp trans-
ition characteristic of native molecules is no longer apparent. 
This observation is consistent with the notion that at extensive 
irradiation levels, completely denatured molecules in which three 
of four disulfides might have been disrupted co-exist with part-
ially denatured molecules in which one or two disulfides have been 
eleaved. At this level of inactivation widespread conformational 
alterations have apparently occurred. This probably accounts for 
the failure of the CD of extensively inactivated RNase to pass 
through the isoelliptic point at 257-259 nm. Furthermore, the 
extensive disorganization of tertiary structure suggested by the 
• 
CD-temperature profile for RNase with 30% activity is consistent 
with the extensive disorganization implied by the accelerated 
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~crease in CD at 275 nm in highly irradiated solutions of RNase 
(fig· 10). 
The significant loss of ordered structure in extensively 
irradiated RNase is confirmed by the CD results obtained in the far 
g].traviolet region of the spectrum {Chapter III, G). These results 
indicate that the loss of ordered secondary structure is accompan-
ied by an increase in the unordered form of the enzyme. In fact, 
· the change in conformation for RNase maintaining 35% original act-
iYi ty is so extensive that the subsequent addition of the protein 
·denaturant, sodium dodecyl sulfate, does not appear to further 
alter drastically the CD spectrum of the irradiated enzyme. 
C. THE NORMALIZATION OF BURIED TYROSINE RESIDUES 
1. Irradiation-Induced Normalization 
The circular dichroism spectra obtained in the far ultraviolet 
. region and at 275 nm of irradiated RNase, which are discussed in 
Sections A and B, suggest that the ultraviolet-induced inactivation 
of RNase is accompanied by the reorganization of the secondary and 
tertiary structure or the protein. It is not surprising, then, to 
note progressive changes in the CD spectrum of the protein near 
239 run upon increasing inactivation {Figs. 9,10) since the ellip-
ticity at 239 nm is associated with tyrosyl residues (167-8) whose 
asymmetric environment may be modified by the ultraviolet light. 
' Specifically, the decrease in ellipticity near 2J9 nm and the 
Shift of this extremum to longer wavelengths upon irradiation may be 
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associated with the normalization of buried tyrosyl residues, and 
most likely tyrosine 25. It is pertinent to note that certain 
aspartate residues appear to also be buried (114), in the sense 
that they are embedded within the hydrophobic interior of the 
RNase molecule, in the same manner as tyrosine 25. Furthermore, 
it has been suggested that the buried carboxylate side-chain of 
aspartate 14 is hydrogen-bonded to tyrosine 25. In part, as a 
result of this hydrogen-bonding interaction, the tyrosyl hydroxyl 
group exhibits an abnormally high pKa and the carboxyl group an 
abnormally low pKa. 
Normalization of tyrosine 25 may therefore not only involve 
the passing of the tyrosine residue from a non-aqueous environment 
to an aqueous one, but also the disruption of a specific hydrogen-
bonding interaction. 
'!'he results of the spectrophotometric titrations performed at 
290 nm support the notion that normalization of tyrosyl residues 
accompanies the ultraviolet-induced inactivation of RNase. For 
RNase maintaining 9J~ original activity. the larger initial step 
of the-phenol titration curve (Fig. 13) is clearly associated with 
an increase in freely titratable tyrosyl residues. While the 
spectrophotometric data suggest that a single buried residue has 
become normalized at this level of inactivation, it is, of course, 
impossible to determine from this data precisely which tyrosine 
has become normalized. 
. . 
As expected, upon increasing inactivation below 93% original 
activity, the concentration of accessible tyrosine residues 
. 1 
I ~ 
ii 
, , 
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increases. At these levels of inactivation, however, the increase 
in optical density noted at the absorption maximum (Fig. 7) immed-
iately after irradiation suggests the presence of oxidized aromat-
ic chromophores. Furthermore, the J09 nm ultraviolet band which 
appears upon increasing irradiation of RNase (Fig. 7) begins to 
overlap increasingly with the 278 nm extremum. Because of the 
presumed presence of oxidized chrornophores, and the presence of 
· the ohromophore at 309 nm, the number of tyrosyl residues exposed 
- 1 ~~·as a result of ultraviolet irradiation at levels of inactivation 
. -"below 93~ original aotivi ty cannot be -quantitatively assessed. 
The unmasking of buried tyrosyl groups which apparently 
accompanies the ultraviolet-induced inactivation of RNase also pro-
vides independent evidence indicating that inactivation is accom-
panied by alterations in the tertiary structure. It is, however, 
not possible to specify whether the normalization of tyrosyl r~s~ 
·idues occurs as a result of reactions subsequent to the direct 
absorption of ultraviolet light by the appropriate residue, or 
whether it occurs as a result of the concurrent breakage of disul-
fide bonds and the disruption of other forces which maintain the 
tertiary structure of the protein. 
2. Heat-Induced Normalization of Tyrosyl Residues in 
Irradiated Ribonuclease 
The decrease in the intensity of the 239 nm band in irrad-
' 
iated RNase and the shift of this band to shorter wavelengths 
suggests that normalization of buried tyrosyl residues accompanies 
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inactivation. The results of the spectrophotometric titration of 
irradiated RNase are also consistent with such a conclusion. 
It has further been shown that normalization of tyrosine 
residues occurs with unirradiated RNase exposed to elevated temp-
eratures (Chapter III, FJ). Since heating of irradiated RNase 
results in changes in the CD at 239 nm which are similar to the 
changes observed upon inactivation, it may be tentatively concluded 
that elevated temperatures enhance the normalization process which 
has been initiated by ultraviolet light. 
Also, as discussed in Section Bl, the initial formation of an 
isoelliptic point (257-259 nm) between the spectra of native and 
irradiated RNase (Fig. 9) and the failure of the spectra of highly 
inactivated RNase to pass through this point suggest that the 
ultraviolet-induced disorganization of RNase tertiary structure 
occurs in two steps. The first step may involve local alterations 
in conformation, involving in part the environments of tyrosyl 
residues. These initial changes are then followed by extensive 
loss of tertiary structure. If in fact the two step model of 
inactivation is accurate a biphasic dependence of the CD at 239 nm 
upon temperature is expected for irradiated RNase since tyrosine 
transitions are reflected to a significant extent at this wave-
length. 
The biphasic pro£iles obtained at 239 nm for irradiated RNase 
solutions maintaining up to 43% of the native enzyme activity 
• 
indicate that indeed unmodified RNase molecules, which exhibit a 
normal midtransition temperature, co-exist with denatured mole-
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cules with an altered temperature dependence at 239 nm. As inact-
ivation proceeds, a greater proportion of the total population of 
RNase molecules is expected to contain tyrosine residues which 
have been normalized to varying degrees. In fact, no molecules 
with a transition temperature comparable to that noted for the 
native protein may be present in RNase retaining 18~ of the orig-
inal activity of the enzyme. 
It appears, therefore, that the CD-temperature profiles at 
239 nm, as well as those obtained at 275 nm, suggest that the 
initial stage of RNase inactivation is accompanied by local 
changes in conformation while the second stage which occurs upon 
extensive irradiation is accompanied by major conformational 
changes of the protein. 
The thermal transition observed below 65°c. at 239 nm for 
partially denatured RNase molecules may originate from several 
sources. These may include temperature effects on residues whose 
immediate environment has been photochemically modified, or in-
direct conformational effects brought about by elevated tempera-
tures on residues which have not been directly affected by ultra-
violet light. 
In the first instance, the thermal transition below 65°c. is 
consistent with a continuing normalization of tyrosyl residues 
which have been only partially normalized by irradiation. This 
observation gives some additional indirect support to the original 
assumption that the CD changes observed at 239 nm upon irradiation 
are due to the normalization of buried tyrosine residues. 
.... 
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In the latter case, the transition below 65°c. noted in the 
CD-temperature profiles of irradiated RNase may arise from tyrosyl 
residues, probably buried, whose local environments have not been 
directly affected by irradiation. These residues, however, as a 
result of an overall loss of constraints induced by the ultra-
violet light, are somewhat less stable and exhibit a transition 
temperature lower than the temperature they would norir.ally exhibit 
in the native enzyme. 
The precise role of the tyrosine normalization process· in 
contributing to the loss of RNase-aetivity is an open ques..tion. 
It has been reported (81) that the buried tyrosine residues con-
tribute to some degree in the stability of the conformation 
essential for enzymio activity by participating in the formation 
of crucial hydrophobic and hydrogen bonds. It may therefore be 
concluded that the loss of activity is at least in part a direct 
result of the normalization of certain tyrosyl residues. Undoubt-
edly, the unmasking of some tyrosyl residues which do not help 
maintain the native conformation to a significant extent does not 
contribute to inactivation. It merely accompanies the overall 
loss of secondary and tertiary structure characteristic of 
inactivation. 
D. THE GENERATION OF A NEW CHROMOPHORE DURING IRRADIATION OF 
RIBONUCLEASE 
Extensive irradiation of RNase appears to result in the 
production of a new chromophore. This is indicated by the ultra-
I 
. I 
I 
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~iolet spectrum of irradiated RNase which exhibits an absorption 
band near 309 nm which is not present in the unirradiated enzyme 
(Fig. 7). 
The presence of this new band has not previously been noted 
probably because it partly overlaps with the major RNase absorption 
band centered near 2?8 nm. In view of the increasing absorption 
of RNase with time fQllowing irradiation, the 309 nm band can 
-~· become completely masked in spectra which have not been obtained 
,~ immediately after irradiation. Furthermore, inadequate degassing 
_-.of the RNase solutions and secondary radical reactions may signif-
icantly increase the absorbanee at 278 nm by the formation of 
oxidized products with high extinction coefficients relative to 
that of the 309 nm band. 
It must be pointed out that a new band near 325 nm is also 
apparent in the CD spectrum of irradiated RNase. This positive 
band at 325 nm which is first observed in irradiated RNase main-
taining 90% original activity increases·linearly with increasing 
inactivation. The ultraviolet absorption spectrum of unirradiated 
RNase does not exhibit any absorption band that may be associated 
with the CD band near 325 nm. It appears that the new CD band is 
derived from the chromophore which produces the absorption band 
near 309 nm and which is produced upon irradiation. 
The question arises then whether the 325 nm CD band origin-
ates from electronic transitions associated with a new chromophore 
' produced by chemical modification of the protein during irradia-
tion or from a pre-existing chromophore which becomes optically 
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active as a result of conformational alterations accompanying the 
irradiation of RNase. Finally, the possibility exists that the CD 
band at 325 nm arises from a combination of both these factors. 
Thus, in attempting to establish the origin of the 325 nm 
band a number of chromophores which may contribute to the optical 
activity in this region should be considered. 
1. Disulfide Transition as a Possible Source of Optical 
Activity Near 325 nm 
The essential photoreaetivity of certain residues in RNase is 
demonstrated by the increase in absorption at 278 nm noted immed-
iately after irradiation and also for a period of time after irrad-
iation. Pa.rt of this increase in absorption throughout the spec-
trum may of course arise from light scattering due to aggregation 
and/or polymerization of the irradiated protein (127). The bulk 
of the increase in extinction noted near 278 nm after ultraviolet 
- - irradiation of the protein has, however, generally been attributed 
to chemical modifications of amino acid residues. The modified 
residues are most likely photo-oxidized derivatives of the aromatic 
amino acids {128). 
Those residues which directly absorb ultraviolet light of the 
wavelength used for the irradiation (2537 i), namely histidine, 
phenylalanine, cystine, and tyrosine, would, of course, be the 
best candidates for participating in photochemical reactions • 
• 
Histidine and phenylalanine are perhaps the least likely to be 
involved in photochemical reactions because of their relatively 
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iow extinction coefficient at 2537 ~. The residues accounting for 
the greatest proportion of light absorption for RNase at this 
wavelength are cystine and tyrosine (160). 
In contrast to linear disulfides which exhibit maxima near 
JOO nm, certain cyclic alkyl disulfides are known to exhibit 
absorption maxima between J10 nm and 320 nm (22). The electronic 
transitions responsible for these red-shifted bands are presumably 
'characteristic of delocalized non-bonding electrons and are depend-
ent on the inherent geometry of the disulfide structure• Ring 
formation apparently reduces the dihedral angle to less than 90° 
- resulting in a red shift by 10-20 nm in the corresponding absorp-
tion bands. 
Since irradiation induces changes in conformation it is con-
ceivable that certain disulfide configurations in the irradiated 
protein ltlay deviate from the normal 90° dihedral angle between 
sulfur atoms. Such a "strained" disulfide could account for both 
the 309 nm band in the absorption spectrum and the CD band near 
325 nm. 
Ho~ver, alkalinization of irradiated RNase to pH 12.75 
results ~n an intensification rather than a decrease of the CD 
near 325 nm. Furthermore, at this pH, disulfide chromophores are 
normally destroyed as a result of beta elimination reactions {41). 
These reactions are also accompanied by considerable loss of 
tertiary structure as evidenced by the absence at this pH of any 
ellipticl_ty at 275 nm in either native or irradiated RNase (Figs. 
31,33) {141). Therefore, the persistence of the 325 nm CD band at 
pH 12.75 implies that this band cannot be assigned to intact 
disulfide bonds. 
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The contribution of a photochemically modified sulfur residue 
to the CD at 325 nm remains to be considered. Irradiation of 
RNase may result in the formation of compounds in which sulfur 
occurs at higher oxidation states such as [-SOnH) (12). The pKa 
of such a derivative would lie below 7 and therefore the complete 
dissociation of the hydroxyl group in such a residue would occur 
at acid pH. 
Obviously, then, any changes in the CD accompanying alkalin-
- ization of irradiated RNase is not_ likely to be directly assoc-
iated with the ionization of a [:sonH) type residue. It should be 
noted in this connection that the performic acid modified deriv-
ative of RNase, which contains eight moles of cysteic acid, 
(-so3H), does not exhibit any CD near 325 nm either before or 
after irradiation (Fig. 52). The chromophore associated with the 
325 nm CD band does·not therefore appear· to be an oxidized 
derivative of a cystine residue. 
2. Evidence for the Involvement of Tyrosine Residues 
a. Spectrophotometric Studies 
Further evidence that the increase in ellipticity near J25 nm 
noted upon alkalinization of irradiated RNase arises for the most 
part from an ion~zed chromophore, is obtained from measurements of 
the CD at two distinct pH's. 
. .. 
224 
Specifically, for irradiated RNase maintaining 21% enzymic 
activity, an increase in the pH from 7.0 to 11.5 abolishes the CD 
near 275 nm and eliminates overlap with the CD at wavelengths 
above 300 nm (Fig. 32). Apparently at pH 11.;, the tertiary 
structure as reflected by the CD at the 275 nm extremum is to a 
large degree disrupted. 
A further increase of the pH to 12.7 is accompanied by a 
substantial increase in ellipticity in the 300-340 nm region. The 
. observed increase in ellipticity upon further alkalinization of 
irradiated RNase above pH 11.; is consistent with the ionization 
of the ehromophore responsible for the CD at 325 nm. 
It is of interest to note that the ellipticity of the 325 nm 
CD band of acidified RNase (Fig. 35) does not return upon normal-
ization to the value at pH 7.0 observed immediately after irrad-
iation, which suggests that the environment of the chromophore is 
irreversibly altered upon acidification. This, of course, indi-
cates that as expected the optical activity associated with the 
chromophorio transition at 325 nm depends at least in part on the 
local environment surrounding the chromophore. 
While several amino acid side-chains such as "4-amino, thiol, 
phenol, lysyl, guanidyl, and imidazole, undergo ionization changes 
in an alkaline pH region, none of these residues in either the 
protonated or the unprotonated form, with the exception of tyro-
sine, exhibit sign.ificant absorption in the near ultraviolet 
region. Therefore, none of these groups, except phenol, are 
likely to be associated with the chromophore formed during ultra-
p 
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violet irradiation. 
Some additional information regarding the 320 nm chromophore 
may be obtained from the dependence of the ellipticity at this 
wavelength on pH (Fig. 36). This dependence is qualitatively 
. similar to the dependence of the ultraviolet absorbance at 290 nm 
on pH observed for native or irradiated RNase (Figs. 12,13). In 
both the native and the irradiated protein the absorbanee changes 
near 290 nm are attributed to the ionization of tyrosyl hydroxyl 
~·( · groups. Similarly, the changes in the CD at )20 nm may be related 
·· > to the ionization of phenolic derivatives formed dur~ng irrad-
iation. 
In general, most of the derivatives of aromatic amino acid 
residues that could conceivably be produced during irradiation of 
RNase such as catechols (127-8), hydroxy-substituted quinones 
(127-8), and dimeric and trimeric aromatic amino acid adducts 
(113) would be expected to exhibit ultraviolet absorption charact-
eristics similar to those noted in irradiated RNase in the region 
above 300 nm. It is likely that the circular dichroism of such 
compounds would also exhibit upon ionization changes similar to 
those observed with irradiated RNase above 300 nm. 
The specific ionization properties of a tyrosine residue 
modified by ultraviolet light may be difficult to predict in a 
solution of the irradiated protein. The pKa of such a residue 
would generally differ from that of unmodified tyrosine residues 
in the native protein. In analogy to what is observed with native 
RNaae, the pKa of the chemically altered residue(s) in the 
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irradiated protein may exhibit varying ionization properties 
depending on the degree to which it is buried within the interior 
of the molecule. Since irradiation is accompanied by the normal-
ization of buried tyrosyl residues an ultraviolet modified res-
idue, which was previously located in the interior of the protein, 
may as it comes into contact with the aqueous solvent become char-
acterized by a lowered pKa. The ionization properties of the new 
ehromophore may furthermore be influenced in some manner by the 
electrostatic charges arising from the products of eystine 
' photolysis. 
b. The Effect of Denaturants on the Conformation of 
Ribonuclease 
Additional data supporting the view that irradiation of RNase 
is accompanied by the production of a new chemical entity comes 
from the CD studies of the irradiated protein in denaturing sol-
vents. In the presence of sodium dodecyl sulfate RNase activity is 
abolished as a result of the alteration of hydrophobic and/or. 
electrostatic interactions essential for enzymic activity (184-5). 
Under the same conditions the ellipticity at 275 nm for both 
native and unirradiated RNase is also nearly completely lost, 
reflecting the corresponding disruption of tertiary structure 
(Figs. 25,26). The ellipticity of the 325 nm CD band, however, 
although it is lowered, it is not altogether eliminated. The 
I 
lowered ellipticity of this band implies that the optical activity 
of the new chromophore depends only in part on environmental 
F 
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asymmetry in the vicinity of the chromophore. 
This conclusion is reinforced by the observation that the J2S 
n• CD band persists in 1 ! urea (Fig. 37) Wlder conditions which 
iead to unfolding of RNase and the normalization of all three 
buried tyrosines (J2). 
c. Amino Acid Analysis 
Amino acid analyses were performed in order to determine 
whether the loifsof--tyrosine-or~the appearance of a new -tyrosine 
photoproduot indicated by the CD studies (Chapter III, D) could be 
demonstrated chror.atographically for irradiated RNase. The results 
indicate that some loss of tyrosine residues does indeed accompany 
ultraviolet irradiation of RNase. Ultraviolet light-modified 
tyrosine residues, which are app&rently produced in low yield, are 
most likely responsible for the appearance of the new 325 nm CD 
band noted upon irradiation of RNase. The low yield of the new 
chromophore may be due in part to stringent stereochemical and -
conformational requirements in the RNase molecule that are appar-
ently necessary for the formation of the chromophore. These 
requirements will be discussed more fully in Section E. 
E. CONDITIONS FAVORING THE FORN'ATION OF THE NEW CHROMOPHORE 
1. The Role of PriD'lary Seouence 
The appearance of a new CD band near JJO nm (Fig. 43) and a 
new ultraviolet absorption band above JOO nm (Fig. 42) in irrad-
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iated poly-L-tyrosine indicate the formation of bityrosine. This 
compound, which free in solution exhibits an absorption maximum 
near 315 nm (J,11J) has been previously identified among the photo-
products formed during the irradiation of poly-L-tyrosine (113). 
It appears that under the conditions employed in the preeent 
study ultraviolet irradiation promotes the chemical interaction 
between adjacent tyrosines. The resulting bityrosine may subse-
quently bf! modified by oxidative reactions which mz;y occur during 
or after irradiation. 
In a poly--{-amino acid such as poly-L-tyrosine it is not 
possible to determine whether the resulting dimeric product is 
obtained from the interaction of tyrosines adjacent to one another 
in the primary structure or formed from tyrosine residues which 
have been bro~ght into proximity by virtue of the secondary and 
tertiary structure of the polypeptide chain. In this connection 
it is of interest to note that a fluorescence pattern similar to 
that observed for bityrosine has been reported from the products 
of the ultraviolet irradiation of the dipeptide, L-tyr-tyr (113). 
For this particular dipeptide, the formation of a tyrosine-
tyrosine linkage between the constituent residues of the dipeptide 
would be expected to predominate. 
In contrast to poly-L-tyrosine and L-tyr-tyr, the irradiation 
of NACTA, a compound commonly used as a model for tyrosine residue 
in proteins, does not appear to result in the formation of a CD 
t 
band near JOO nm similar to that noted upon the irradiation of 
poly-L-tyrosine. The increase in absorption noted near 280 nm 
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upon irradiation, though, indicates the presence of oxidized 
photoproducts. The formation of such products may be expected to 
decrease the yield of bityrosine. 
It appears that the production of the new amino acid in 
irradiated poly-L-tyrosine and L-tyr-tyr depends on the localiEa-
tion of sufficient ultraviolet excitation energy in critical res-
idues to promote a chemical reaction, the physical proximity ot 
tyrosine residues to one another, and the stereochemical orienta-
tion between tyrosine residues. Apparently for both the above 
compounds, one or more of the three requirements are satisfied. 
Attention should now be focused on the results of CD studie$ 
of several irradiated RNase derivatives for which the tertiary 
structure may be of importance in determining the nature of the 
ultraviolet photoproduct. 
2. The Proximity of Tyrosine Residues in the ~~rtiary 
Structure 
The ultraviolet irradiation of performic acid-oxidized RNase 
does not appear to result in the formation of a new CD band 
similar to that noted upon irradiation of native RKase near 325 nm. 
Irradiation. however, produces an overall inerease in extinction 
between 240 nm and J40 nm but no distinct absorption band above 
300 nm. 
In addition, examination of the CD spectrum of RNase irrad-
iated at pH 12.2 (Fig. 40) indicates that the ellipticity at 325 
nm of RNase at this pH after four hours of irradiation is only 
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half of that noted for RNase irradiated at pH 7.0 for the same 
period of time and subsequently exposed to pH 12.7 (Fig. 33). 
Several factors may be responsible for the decreased formation of 
the 325 nm CD band for RNase irradiated at alkaline pH and the 
failure to observe any positive ellipticity near 325 nm upon the 
irradiation of oxidized RNase. These factors are discussed below. 
It was pointed out in Chapter I that the irradiation of 
certain compounds containing the phenolic ring results in the 
formation of a photoproduct whose post-irradiation fluorescence 
·spectrum is similar t~ that of bityrosine. Also, the similarity 
between the CD and ultraviolet characteristics of irradiated poly-
. L-tyrosine, in which the formation of bityrosine has been reason-
ably well-established, and irradiated RNase suggest strongly that 
the 325 nm CD band originates from the same ehromophore in these 
two systems. 
In order for such a chromophore to be formed, it may be 
necessary that the separate tyrosyl constituents lie close to one 
another and maintain an orientation favorable for the photo-
dimerization reaction to occur. The proximity and orientation of 
these residues in space depends, of course, on both the primary 
structure as well as the overall conformation of the native macro-
molecule. In addition, it is also possible that residues which are 
well separated from one another in the native protein may approach 
each other as a,result of the conformational rearrangement occur-
ring during the initial stages of the inactivation of the enzyme. 
Examination of the amino acid sequence of RNase indicates 
2J1 
that no tyrosine residues are adjacent to one another in the 
primary structure (1?4). Inspection of the available three dimen-
sional modes of RNase based on x-ray crystallographic maps (106, 
204) (Fig. 2) reveals, however, that tyrosine residues 73 and 115 
and also tyrosines 25 and 97 may lie close enough to one another 
to allow photochemical interaction. Additional tyrosine inter-
actions may, of course, become possible as a result of the confor-
mational reorganization of the molecule during the early stages of 
inactivation. 
Alkaline denaturation, as noted previously, results in con-
siderable loss of secondary and tertiary structure of the RNase 
- molecule. Clearly, if the production of a dimeric chromophore 
depends on the interaction of tyrosine residues maintained in 
proximity to one another, the formation of such a dimer may not be 
possible under conditions of alkaline denaturation in which the 
RNase molecule is reorganized and unfolded to a large degree. 
A similar a;-gument may be presented for the failure to 
observe any positive ellipticity near 325 nm for oxidized RNase 
which is submitted to irradiation. This protein has also under-
gone a substantial loss of tertiary structure and ordered second-
ary structure. 
Alternative explanations which stress the importance of 
energy transfer and energy localization may also be invoked to 
account for the reduced formation of tha 325 nm CD band upon 
irradi~tion at alkaline pH and the failure to observe any new CD 
band upon irradiation of oxidized RNase. These are summarized 
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briefly below. 
As indicated in Chapter I, the photolysis of eystine residues 
which accompanies the ultraviolet-induced inactivation of RNase 
may proceed by the preferential localization of ultraviolet 
excitation energy at tyrosine residues adjacent to disulfide bonds 
and subsequent rupture of that cystine by transfer of energy from 
the highly reactive tyrosine residue. At pH 12.2 cystine residues 
are, to a large degree, chemically destroyed and as a result of 
this destruction such localization or ultraviolet energy at par-
- ticular tyrosine residues may not take place. A similar conclu-
sion may be drawn concerning the irradiation of oxidized RNase 
which theoretically contains no cystine residues. For both RNase 
derivatives, a reactive tyrosine species which is likely to be 
involved in the formation of bityrosine may not be produced. 
In addition, at pH 12.2 tyrosine fluorescence in RNase appears 
to be quenched. Irradiation at this pH, therefore, would not 
result in either significant transfer of excitation energy or the 
formation of a highly reactive tyrosine species. It appears that 
0 
the random abso!:'ption of 2537 A light by RNase at alkaline pH or 
by the oxidized derivative of this protein does not contribute to 
the formation of the new chromophore. 
However, in view of the apparent importance of tyrosine-
tyrosine proximity in determining the nature and extent of the 
formation of the tyrosine dimer in RNase, these alternative 
' 
possibilities ~~y play some role only under conditions which lead 
to a modification of the native RNase conformation. 
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In summary, the decreased formation of the 325 nm CD band 
upon irradiation of RNase at pH 12.2 and the apparent absence of a 
new band in the CD spectrum of irradiated and oxidized RNase are 
consistent with the view that the proximity and stereochemioal 
orientation of tyrosine residues may influence the outcome of the 
photochemical reactions of these chromophores. 
J. Assignment of the 325 nm Circular Dichroism Band in 
Irradiated Ribonuclease to a Specific 1)'rosine Linkage 
As pointed out in Section BJ, chemical studies have revealed 
that the disulfide bond bridging half-cystines 65 and 72 is one 
of the least stable and least essential for enzymio activity of 
RNase. It has also been suggested that this disulfide bond, along 
with the disulfide bond joining half-cystines 26 and 84, may be 
preferentially cleaved by ultraviolet light as a result of energy 
transfer from a highly excited tyrosine to the adjacent-cystine. 
In RNase, tyrosine 7) is adjacent to half-cystine 72 and 
tyrosine 25 is adjacent to half-eystine 26. Also, as noted pre-
viously, (page 231), tyrosines 73 and 25 appear to lie close 
enough to tyrosines 115 and 97, respectively: for photochemical 
interaction. On the basis of the identification of the 65-72 
disulfide bond as a non-essential one for enzymic activity, and 
the presumed preferential disruption of cystine upon ultraviolet 
inactivation of RNase, it may be suggested that tyrosine 73 may 
• 
sensitize the disruption of the adjacent cystine and become sub-
sequently involved in the formation of bityrosine, possibly with 
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tyrosine 11;. The 325 nm CD band in irradiated RNase may there-
fore be tentatively assigned to the chromophore produced by the 
union of tyrosines 73 and 115. 
It must be pointed out, however, that the formation of the 
new chromophore, dimeric or not, may proceed independently of 
disulfide disruption as it obviously does in the case of poly-L-
tyrosine, and may involve other tyrosine residues as well. 
4. Conformational and Chemical Changes Accompanying the 
Irradiation of Some Other Proteins and the Role of 
Tertiary Structure in the Possible Formation of 
Bi tyrosine 
Several other proteins were irradiated in order to evaluate 
further the effect of protein conformation in influencing the 
formation of ultraviolet photoproducts. 
In Table III the amino acid content, the position of con-
stituent tyrosine residues, the appearance of a CD band near 320-
)30 nm upon irradiation, and the proximity of tyrosine residues in 
the tertiary structure are listed for various proteins. 
The ultraviolet-induced inactivation of RNase, bovine serum 
albumin, lysozyme, trypsin, and insulin is accompanied by cleavage 
of disulfide bonds (127). As expec~ed, decreases in the elliptic-
ities in the region betweeen 250-300 nm are noted for each irrad-
iated protein. This region of the spectrum is known to receive 
1 
contributions from disulfide transitions (Chapter ·rrI, D). 
For each protein, changes are also noted upon irradiation in 
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TABLE III 
THE PRESENCE OR ABSENCE OF A NEW CD BAND NEAR 320-330 nm FOR 
SEVERAL IRRADIATED PROTEINS 
CD Band 'fyr Prox-
Position of Near 320~ !mity in 
Protein Composition Tyr Residues 330 nm 3 Structure 
RNase 4 -ss- 25, 73, 76 yes yes 
(50) 6 Tyr 92, 97, 115 
3 Phe 
0 Try 
BSA 17 -ss- Sequence not yes likely* (51,194) 19 Tyr yet fully 
27 Phe determined. 
2 Try A single Tyr 
has been iden-
tified at pos-
ition 38 in a. 
sequenced 
fragment 
Lysozyme 4 -ss- 20, 23, 53 yes yes 
(50) J Tyr 
3 Phe 
6 Try 
Chymo- s -ss- 94, 146, 171 no no 
trypsin 4 Tyr 228 
(50) 6 Phe 
8 'fry 
Trypsin 6 -ss- 20, 28, 48 no not 
(50) 10 Tyr 82, 137, 158 li}tely* 
3 Phe 171, 212, 218 4 Try 
Pepsin 1i -ss- 50, 55, 78, 89, no not (51) Tyr 117, 118, 119, likely* 
10 Phe 158 ' 16 3 , 173 ' 
21.5. 238' 257. 
303, 328, J29 
Residues num-
bered according 
to position in 
pepsinogen 
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TABLE III (CONT'D) 
THE PRESENCE OR ABSENCE OF A NEW CD BAND NEAR 320-330 nm FOR 
SEVERAL IRRADIATED PROTEINS 
Protein 
Insulin 
(.50) 
Yeast 
Eno lase (116) 
Protamine (65) 
Composition 
3 -ss-
4 Tyr 
J.Phe 
0 Try 
0 -ss-
15 Tyr 
24 Phe 
5 Try 
0 -ss-
0 Tyr 
0 Try 
o Phe 
Position of 
Tyr Residues 
A chains 14,19 
B chains 16.26 
Sequence not 
yet fully 
determined 
(No Tyr) 
* x-ray crystallographic data not available 
CD Band 
Near 320-
330 nm 
no 
no 
(see 
text) 
no 
Tyr Prox-
imity in 
3°structure 
no 
not 
likely* 
(No Tyr) 
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those near ultraviolet regions of the spectrum (250-JOO nm) which 
receive contributions from aromatic residues. Part of the ellip-
ticity change in each case may be due to the chemical modification 
of aroma.tie residues, since the absorption spectra of all of the 
proteins exhibit increases in extinction near 280 nm upon irrad-
iation. Such increases in extinction have been previously attrib-
uted to oxidative reactions of aromatic residues during or shortly 
after irradiation (128). 
Conformational alterations in the environment of intact 
aromatic residues undoubtedly contribute substantially to the 
changes noted in the 250-300 nm region of the CD spectrum. In 
proteins which contain both exposed and buried tyrosine residues, 
namely RNase, lysozyme, and BSli., ultraviolet irradiation most 
likely alters the local environment of both types of residues. 
Amcng the proteins examined a newly generated CD band was 
noted near ;25 nm for BSA, lysozyme, and RNase. An absorption 
band was noted in the wavelength region above JOO nm upon irrad-
iation of RNase and BSA, but such a band was not found in irrad-
iated lysozyme. In this case, the failure to observe an ultra-
violet band above JOO nm may be due to the ~.asking effect of 
increased extinction near 280 nm due to the presence in irradiated 
lysozym.e of oxidized arow.atio residues, aggregates, and polymer-
ized products. In addition to this masking effect, the yield of 
the long wavelength ehromophore is most likely not very large and 
. . 
thus the total contribution of the new chromophore to the extinc-
tion in the region above JOO nm also may not be large. The 
2J8 
presence of the new CD band near 325 nm in irradiated BSA and 
lysozyme may be indicative of the presence of bityrosine in these 
systems as well. 
Inspection of a three dimensional model of lysozyme, based on 
x-ray crystallographic data (31.50,53.143) reveals that tyrosine 
residues 20 and 23 may be in sufficiently close proximity for 
photochemical interaction. The essential reactivity of tyrosine 
residues in lysozyme is not unexpected in view of the fact that the 
, inactivation appears to be preceeded by the transfer of ultra-
violet excitation energy among aromatic residues (149). 
Further examination of the lysozyme molecule reveals that 
tryptophan residues 62 and 63 are also adjacent in the primary 
structure and may be sterieally oriented for favorable interaction. 
Similarly. the tryptophan pair 28-11 and the phenylalanine )4-
tryptophan 123 pair which lie in a region of the molecule that is 
probably particularly sensitive to ultraviolet because of energy 
migration (149) appear close enough for interaction. 
It is of interest to note in this regard that ultraviolet 
irradiation of tryptophan at 77°K. results not only in the forma-
tion of oxidized photoproduets but also possibly in the formation 
of tryptophan dimers (19?). Unlike bityrosine which has been 
identified in irradiated poly-L-tyrosine, there is no information 
about the formation of such tryptophan dimers or mixed aromatic 
dimers in proteins. At the present time it is not known whether 
such dimers contribute to the CD spectrum of lysozyme. 
Unfortunately. x-ray crystallographic data for the BSA 
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molecule, which would be necessary ~er establishing whether 
.... :·. . ·" . 
certain tyrosyl residues lie close enough for favorable inter-
. . . ·~ 
action, are not available at the present t~me. 
~ . 
In contrast to those proteins in which a new long wavelength 
CD band deve_loped during photolysis, irra.~ia~ed trypsin, enolase, 
pepsin, insulin, and chymotrypsin do not exhibit any ellipticity 
in the long wavelength region. 
This observation is especially interesting with respect to 
trypsin ~ince it has been suggested that in this protein 4isulfide 
9isruption may be a tyrosine sensitized reaction (9,12,79). It 
- • • .' > • • ~ 
appears, however, that, as ·opposed to RNas~, the proximity and/or 
stereochemical orientation between aromatic residues in trypsin 
a.re not favorable for photochemical interaction. A knowledge of a 
three dimensional struet~re of trypsin which is not available at 
the present time, would be necessary to establish the proximity 
.. 
and stereochemical orientation of tyrosine residues. 
·The failure to observe a CD band in the '.)20-J)O nm region .. o:t 
the spectrum for irradiated insulin is not unexpected. From 
available diagrams of the A and B chains of insulin (1), which are 
based on the x-ray crystallographic map of porcine insulin, it is 
not possible to estimate accurately enough the distance between 
tyrosine residues. However, even those tyrosine residues which 
appear to be closest to o~e anoth~r (A chain tyrosines 14,19 and 
B ohain tyrosines 19,26) are by no means neighbors. The absence 
of the characteristic CD band near 325 nm in this system is there-
fore consistent with the view that the proximity of aromatic 
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residues ls a prere'qulsi te :for the formati~n °0! the tyrosi~e ·4.!:U-.r • 
.. ' . 
It may also be added that the ava.lla'bie data suggestsq that 
the ul tra~ioie"t:,;lnduced di~ruption o:f' cystine residues in iiuld·iRt 
is not accomJ)anied l>Y.:the :formation ·of a highly ex~ited tyrosine 
. . 
residue (149). ~e absence of such reActiv~ ty~os.ines. may ·also 
play a role in the apparent absence of bityrosine among the 
products of insulin irradiation. 
No new CD banct ·was observed in the SPf3ctrufn of• ·irradiated 
.(.•Chyllletrypsin., Examination of a diagrammatic ··mo~el of 'the main 
•. 
chain folding, employing carbon atom coordinate~ f~om x-~y dit-
fraetlon data cs3,70,136;165)~ revea-ls that none or"~he four 
.. .. ~· ' 
. 
... · ; 
...... 
constl tuent tyrosine residues in this pr~teiri are located in pro:x• · · ·, .. 
• • ·. _.. .~, .. • - • It ' t ' • . 
imity to one another sufficient for interaction. 
However, -the· negative CD band .. at )06 nm present in unl~d­
iated chymotrypsln, which receives contributions primarily from 
tryptophan residues (63) is strikingly intensified. Such a large 
lncrease in ellipticity may·indicate that a significant change in 
the local environment of tryptophanyl residues oceurs during ir-
radiation. Specifically, the intensification of the ellipticity 
at 306 nm may signal a strong perturbation of tryptophan arising 
from interaction between an excited state of the ·amino acid with 
a nearby aromatic residue, for instance, tryptophan 27 and 29, or 
tyrosine 171 and tryptophan 172. 
It is also pe~tinent to note that while a new CD band is 
observed near J01 nm upon irradiation of enolase, this band is 
located at a wavelength which is distinctly different from that .. 
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associated with the dimeric chromophore in irradiated poly-L-tyro-
sine, RNase, BSA, or lysozyme. 
However, in view of the fact that enolase contains both 
tryptophan and tyrosine but no cystine, the positive ellipticity 
in the 300 n~ region could be attributed to aromatic residues. 
Since enolase is composed of two monomeric subunits, the presence 
of the new CD band near 301 nm may simply reflect the asymmetric 
. perturbation of the environment of aromatic residues due to con-
formational alterations that may accompany a possible ultraviolet-
induced subunit interaction. 
The irradiation of protamine also does not appear to result 
- in the formation of a new CD band near 325 nm. The absence of such 
a band is indeed as expected in this instance since the protein 
does not contain tyrosine or any other aromatic amino acids • 
. 
The formation of the 325 nm CD band upon irradiation neces-
. sarily ·depends on the pre'sence of tyrosine residues within the 
native.protein. However, even for those polypeptides that contain 
tyrosine, the precise steric and/or energy requirements for the 
production of the new chromophore, bityrosine, upon irradiation 
remains to be established. For the case of poly-~tyrosine, RNase, 
BSA, and lysozYine, it appears that the tertiary structure of each 
polypeptide is well-suited for the favorable interaction between 
tyrosine residues. 
F. COMPARISON OF 'ULTRAVIOLET AND HIGH-ENERGY IRRADIATION 
It was suggested in Chapter I that the modifications in RNase 
'I 
.11 
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which accompany the ultraviolet-induced inactivation of the enzyme 
may provide a model on the basis of which the underlying mechan-
isms of the high energy-induced inactivation may be assessed. It 
appears that the effects of ultraviolet light.on the RNase molecule 
may indeed parallel the damaging effects of ionizing radiation on 
RNase though they are more specific and discrete. 
Irradiation of RNase with gamma and x-rays results in the 
degradation of several amino acid residu~s, including methionine, 
lysine, tyrosine, phenylalanine, histidine, a~d serine (171). The 
modification of these residues is most likely caused by indiscrim-
inate reaction with free radicals and othe.r reactive ~pecies 
produced during irradiation, such as solvated electrons, hydrogen 
radicals, hydroxyl radicals, hydrogen peroxide, and amino acid 
radioa~s. {1J7). The loss of histidine and lysine leads directly to 
inactivation since these residues are located at the active site 
. . 
of the enzyme (16). 
In contrast, ultraviolet irradiation of RNase results in the 
. ,. ' 
formation of the amino acid, bityrosine. Bityrosine is probably 
formed from the combination of phenoxyl radicals which are pro-
duced as a result of the ultraviolet-induced photoejection of 
electrons from tyrosine residues (11)). In the present studies at 
least, the photoproduetion of an amino acid derivative by ultra-
viol~t light occurs through a relatively discrete pathway involv-
ing phenoxyl radicals. This is in contrast to the indiscriminate 
I 
processes, noted above, which lead to the modification of amino 
acid residues by ionizing radiation. 
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The role of cystine destruction in contributing to the loss 
of enzymic activity during high-energy irradiation of RNase is 
uncertain since the irradiation is accompanied not only.by loss of 
.. 
0ystine but also by the widespread destruction of other amino acid 
residues (137). Another factor which casts some doubt on the 
exact involvement of cystine in the inactivation mechanism is that 
reportsEon the extent of cystine destruction have not been con-
sistent (137). 
In the ease of ultraviolet irradiated RNase the disruption of 
disulfide bonds may be mediated by an interaction with solvated 
elec;trons wh~~h have been produced by photoejection from tyrosine 
and other aromatic residues. The destruction of disulfide bonds 
. . 
that accompanies the irradiation of RNase with ionizing radiation 
may also proceed by a similar mechanism. The inactivation ot 
... :.· 
RNase with ultravio~et light is well correlated with the loss of 
oystine. The loss of activity may be due.t~ the modification of 
the native conformation that accompanies disulfide bond cleavage • 
.. 
By extrapolating this interpretation, it may be suggested that in 
those cases in whioh cystine is destroyed by ionizing radiation, 
part of the resulting. loss of RNase activity is due to the accom-
panying conformational alterations that lead to an altered active 
site for the enzyme. 
A striking difference between high-energy and ultraviolet-
induced inactivatipn of RNase is that only the former is accom-
panied by the cleavage of peptide bonds (87}. However, it should 
be noted that the energy associated with either x-rays and gamma 
---
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rays on one hand, and ultraviolet light on the other, are theoret-
ically suffic~ent to bring abo~t disruption of peptide bonds 
(122). In this r~gard, the energy associated with a quantum of 
ultra.violet light a·t 2537 X is approximately 112 kcal/mole while 
the energy of the peptide bond is near 45 kcal/mole and the energy 
of the disulfide bond is near 64 kcal/mole. It appears, though, 
that the energy associated with ionizing radiation is dissipated 
by indiscriminate breakage of peptide bonds while the energy of 
ultraviolet light is dissipated by the preferential photolysia of 
. 
·. eystlne residues and promotion of chemical reactions among tyro-
.. . 
s!ne residues. 
In both the ultraviolet and the ionizing systems, changes in 
conformation take place. In the present study changes in second-
ary and tertiary structure, including normalization of tyrosine, 
. have been identified by co and ultraviolet absorption studies. 
Similar changes in conforma~ion upon irradiation of RNase with 
high-energy ra.diati~~ have been inferred from alterations in 
. ~. ' . 
optical ro.tati~n (72), hydrogen exchange (170), intrinsic viscos-
ity (170), and aggregate formation (86). The normalization of 
interior tyrosyl residues has also been reported (96,170). 
. . 0 
G. MODEL FOR THE INACTIVATION OF RNASE A BY UV LIGHT AT 2537 A 
In view of the results of CD and ultraviolet studies of 
irradiated RNase presented in this dissertation, the application 
.. 
of first-order kinetics to describe the inactivation of RNase by 
ultraviolet light appears to be a gross oversimplification. 
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Although the events occurring during the inactivation process are 
complex, a model that is consistent with the reported data may be 
described as follows. 
The ultraviolet-induced denaturation of RNase is accompanied 
by alterations in secondary and tertiary structure and apparently 
by the chemical modification of certain amino acid residues as 
well. The inactivation appears to proceed in several stages. 
At low levels of inactivation, i.e., !or RNase maintaining no 
• 
less than 50% original activity two distinct populations of RNase 
molecules may co-exist) native molecules and partially denatured 
molecules. 
The population of ~artially denatured molecules may be char-
acterized by the degree of disulfide disruption. For RNase main-
taining up to 50% original activity, one or at the most two spe-
• • 
cific disulfide bonds are cleaved. It is likely that the disul-
fide bond between half-cystine residues 65 and 72 is the most 
photolabile and it is destroyed first. The loss of enzymic 
activity upon irradiation can therefore be correlated with the loss 
of intact cystine residues which are essential for maintaining the 
spatial integrity of the active site. 
Cystine loss is accompanied by further alterations in the 
conformation of denatured RNase molecules. Tyrosyl residues, 
previously buried within the internal hydrophobic environment of 
the protein, become exposed to the environment of the solvent. 
. . . , " ... 
The changes in the CD spectrum of RNase maintaining no less than 
50% original activity are consistent with the normalization of 
246 
tyrosine 25 which is hydrogen-bonded to the earboxylate side-
chain of aspartate 14. Upon extensive irradiation below 50% 
original activity, howeyer, all three buried tyrosine residues may 
become normalized to some degree, and the changes in the CD thus 
reflect more extensive conformational alterations. The CD studies 
also indicate that the asymmetric environment of exposed tyrosine 
residues rr.ay also be modified during irradiation. 
Wclecul~s of ultraviolet-inactivated RNase appear to contain 
-modified aromatic amino acid residues. These modified residues 
~re probably oxidized dorivatives of aromatic residues. Under the 
conditions employed in the present study irradiation appears to be 
~ccompanied by the formation of a photoproduct whose ultraviolet 
• ...... . . . • . . ~ ~ !' .. . . ' .. -· •. 
and CD properties are similar to those of the dimeric amino acid, 
bi~yrosine. Tyrosine residues 73 and 115, as well as tyrosines 25 
.and 97, appear to lie close enough for interaction. The proximity 
' . , .. 
and.~~ereochemical orien~tion of these residues, maintained by 
the secondary and tertiary structure of RNase, may be essential 
. 
for the formation of the photoproduct. As noted above, the ultra-
violet in~ctivation of RNase may proceed in two stages. In con-
trast to RNase maintaining greater than approximately 50% activity, 
RNase with lower activity consists of a heterogeneous population of 
denatured RNase molecules which on the average contain more than 
one disrupted disulfide bond and very few, if any, native mole-
cules. At this level of inactivation the reorganization of the 
tertiary structure is extensive and major modifications in the 
environment of both buried and exposed tyrosines are expected. 
---
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The content of the newly generated chromophore is also increased. 
The continued disruption of disulfide bonds, normalization 
of tyrosine residues, and the forr.a.tion of the new photoproduct 
noted upon extensive inactivation are accompanied by significant 
alterations in the secondary structure of RNase. For RNase ma.in-
• • . " ~.. c 
taining 35% original activity the disorganization of the secondary 
structure nearly approaches that of detergent-induced unfolding of 
RNase. At this level of inactivation the conf'ormation of the pro-
tein in solution is probably similar to that of an unordered poly-
peptide. 
. . 
• 411· . •." ... . "...,:'" 
• 
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